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ON THE ENERGY REQUIRED TO SPLIT HCl INTO 
ATOMIC IONS* 


By Epwin C. Kemsie 


Several years ago the writer in a paper read before the American 
Physical Society' gave a preliminary estimate of the potential required 
to split an HCl molecule into H+ and Cl~ based on the study of the 
infrared absorption spectrum of HCl. The value assigned in this first 
estimate was 14 volts, in harmony with the experimental value ob- 
tained for the ionization potential by Foote and Mohler. A fuller 
examination of the data altered the estimate, however, and failing to 
get agreement with the experiments of Foote and Mohler, the investi- 
gation was dropped without a publication of the details. 

Since that time additional measurements of the infrared bands in 
question have been made and the structure has been reinterpreted on 
the basis of half quantum numbers. Furthermore, experiments by 
Barker and Duffendack’ and by Mohler‘ have shown that the ionization 
potential observed by Foote and Mohler is almost certainly associated 


*In a valuable paper (Die Gestalt mehratomiger polarer Molekeln, II, ZS. f. Phys. 32, 
p. 1; 1925) published since the cor pletion of the work described in the present note, F. Hund 
discusses, among other things, the relation between the ionization-dissociation potential of 
HCl and the band spectrum constants. Using a different method and less comple‘e band 
spectrum data, he concludes that the latter are in harmony with the assumption that 14 volts 
is the correct value of the potential in question. The discrepancy between Hund’s conclusion 
and that reached by the author is due partly to the redetermination of the band spectrum 
constants from the original data and partly to the use of additional theoretical coefficients 
in determining the law of force from these constants. 

t E. C. Kemble, Phys. Rev. 19, p. 394; 1922. (Abstract.) 

? Foote and Mohler give the value 13.7 volts. (Origin of Spectra, p. 186.) Their value has 
since been confirmed by Knipping (Zs. f. Phys. 7, p. 328; 1921) and by Mackay (Phys. Rev. 
24, p. 319, 1924,) 

+E. F. Barker and O. S Duffendack, Phys. Rev. 26, p. 339; 1925. 

*F. L. Mohler, Phys. Rev. 25, p. 583, 1925 (Abstract). 


1 








Epwin C. KEMBLE [J.0.S.A. & R.S.L., 12 


with the formation of positive HCl ions and free electrons and not with 
the dissociation of HCl into H* and Cl- as formerly supposed. In view 
of these facts it has seemed worth while to reestimate what we may call 
the ionization-dissociation potential of the HCl molecule. Using Born’s 
notation we shall designate the work of dissociation into ions by the 
symbol J yc}. 

The estimate is based on the fundamental hypothesis that HC] mole- 
cules may be broken up adiabatically and reversibly into H* and Cl- 
ions without any electronic transition such as would accompany 
dissociation into neutral atoms. The hypothesis may be stated mathe- 
matically as follows: Let r denote the distance between the H and Cl 
nuclei in the vibrating and rotating molecule, and let ro be the equi- 
librium value of r. Let U(r) denote the mutual potential energy of the 
two ions governing the vibratory and rotational motion of the atoms 
in the molecule. Then it is assumed that 

Juci = Lim| U(r) —U(ro)). 


rT=@ 


The assumption cannot be accepted without question, but is plausible 
in view of the fact that HCl is ionized in solution like the polar salts. 
In the writer’s opinion there is no conflict between this hypothesis and 
the assumption that the H nucleus in the normal HC! molecule lies 
inside the outermost shell of Cl~ electrons. 

The study of the infrared absorption spectrum of HCl enables us to 
evaluate U(r) in the neighborhood of the equilibrium point as a power 
series in r—fo. 

On the other hand, U(r) may be expressed as a power series in 1/r 
which converges rapidly when r is large. The early terms of this series 
are known independently of the band spectrum and hence we know 
how U(r) behaves as r becomes very large. 

In order to evaluate Jy; it is necessary to bridge the gap between 
the two regions in which the variation of U is known. This may be 
done graphically or by a species of analytic continuation in which 
the coefficients of the higher powers of the expansion in terms of 1/r are 
evaluated from the series in r—To. 

The first part of the paper deals with the evaluation of energy 
formulas for the various quantized states from the band spectrum 
data. This matter has been discussed in a recent paper’ by Mr. Herbert 


5 Phil. Mag. 47, p. 549; 1924. 
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Bell. Unfortunately his fundamental formulas are in error owing to a 
mistake in sign. He concludes that the nuclear rotational quantum 
numbers (m) are given by the formula 


m=j-—0.25, 


where j is an integer.® This result, in the opinion of the present writer, 
is quite incompatible with a correct interpretation of the data.’ 

A careful and essentially correct analysis of these bands has been 
made by Colby,® who finds that the observations can be accurately 
represented by formulas derived from the assumption that the energy 
in wave-number units is given by an expression of the form 


F,(j) =A,.+B,(j —4)?+D,(j —})* ’ (1) 


in which » denotes the vibrational quantum number and 7 is an integer 
usually identified with the inner quantum number or total angular 
momentum in Bohr units. Neglecting the variation in D, with n, 
Colby finds the best values of the coefficients in (1) to be 

A, =2886.145; As=5667.12; Bo =10.4499; 

B,=10.1489; B,=9.8618; D, = —90.000514. 

In order to make several minor corrections to Colby’s work and 

at the same time to determine the probable error of each of the 
coefficients, the writer has analysed the HCl data afresh. The new 
values of the coefficients differ only slightly from Colby’s, but give an 
appreciably larger computed ionization potential. 


ANALYSIS OF HCl INFRARED BAND GROUP 


_The new analysis of these bands differs from Colby’s because it is 
based on a slightly more general type of energy formula, because the 
coefficient of the small biquadratic term is treated as a theoretically 
known quantity, and because of a small correction for an apparent 
displacement of the lines due to the isotope effect. 


* ) is the quantum number which measures the total angular momentum of the molecule 
and j —m is equivalent to Kratzer’s p. (Cf. Eq. 3a below.) Bell uses the symbols m’, m, mo’ 
for the quantities here designated as m, j, p respectively. 

7 pis usually assumed to be 4 for the HCl bands. The analysis given below makes 0.4925 
the most probable value of p. 

The large discrepancy between Mr. Bell’s value of p and the others is due to the fact that 
he uses negative values of j for the negative branch of the band and fais to change the sign 
of p with that of j. Thus the absolute values of m which he uses in connection with the negative 
branch are not the same as those for the positive branch. 

* W. F. Colby, Astrophys. J. 58, p. 303; 1923. 
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The energy formula used is 
F,(j) =A, +26(j —€2) + B,(j —6)?+D,(j —©)*. (2) 


Here j has the same meaning as in (1), « denotes the mean electronic 
angular momentum, and (j—e) the mean nuclear angular momentum 
in Bohr units (4/2). The small linear term 26(j—«) was first intro- 
duced by Kratzer,® who finds that it is needed in order to represent the 
empirical facts regarding electronic band structure. It evidently is 
due to a small difference in the kinetic reaction of the electrons to rota- 
tions of opposite sign and should theoretically vanish for a molecule 
in which the electron orbits are symmetrically arranged with respect 
to the internuclear axis. Empirically, it usually has the largest values 
for molecules with a high degree of electronic excitation.’ In the case 
of normal HC\ it should be, and is, quite small. 

The value of 6 for any particular molecule or electronic state cannot 
be determined independently of « except by the exact determination of 
the coefficients of the terms of fourth or higher degree, as may be seen 
by rewriting (2) in the form 


F,(j) =An'+ BG —p)*+Dn(j—6)*+ * ° (2a) 
where 
6 
doer (3a) 
, 6° 
A, ~Ant+te——-. . (3d) 


The HCl data show that in (2a) p is nearly, though not exactly equal 
to 1/2, but are insufficient to show empirically whether or not e¢ is 
identical with p. Kratzer finds, however, that ¢ is usually exactly 1/2 or 
1/4 and we therefore assume that in this case it is exactly 1/2, using 
the departure of p from this fraction as a measure of 6.* 


® A. Kratzer, Annalen d. Physik 7/, p. 72; 1923. 

'? Kratzer gives larger values of 4 for the upper electronic level associated with cyanogen, 
mercury, and zinc bands analysed by him. In the case of cadmium the reverse is true, but 
é is here fairly small for both initial and final states. 

* Footnote added at reading of proof. 

Since the manuscript of this paper was written Prof. R. T. Birge has called the writer’s 
attention to an important theoretical objection to Kratzer’s linear term 26(j—«). It seems 
probable that this term will have to be discarded on theoretical grounds. In that case «and 
6 necessarily become identical and the assumption that « is exactly one half orany other simple 
fraction, must be given up. Such an alteration in the theory would not appreciably affect the 
result of the present calculation. 


ee 
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The coefficients A,, B,, D, in (1) and (2) are related to the law of 
force governing the internuclear vibration and to each other in such a 
way that D, can be calculated theoretically from the other coefficients. 
In order to evaluate D, and to determine the nature of the law of force 
we make use of explicit formulas for A,, B,, D, in terms of the con- 
stants which characterize that law. Such formulas have been worked 
out by Kratzer" and by Born and Hiickel.” A similar set of formulas 
was deduced by the present writer in 1921 from the scheme for the 
evaluation of quantum integrals described in a note published at the 
time.” Since the last mentioned set includes coefficients of higher 
order than those previously published, it is here reproduced in full as 
a matter of record. The original notation, being particularly compact 
and convenient, is retained in preference to the notations of Kratzer 
and of Born and Hiickel. 

Let r denote the distance between the nuclei and let ro be its equi- 
librium value. Let £=(r—ro)/ro and let the potential energy be given 
as a power series in £ of the form 


u= kE*(1+-0f+bE?+ck*+dé+et*+ ° - -). (4) 


Denoting the mass coefficient by yu, the velocity of light by g, the fre- 
quency of vibration for infinitesimal amplitudes by gwo, and the rest 
value of the moment of inertia by Jo, we have 











1 2k 1 2k 
o> pg _ —- (5) 
27q ure? 27q Jo 
It is convenient to introduce the additional abbreviations 
h @1 h 
4n?J oq wo rV8kIo 


(The u of equations (6) is identical with Kratzer’s u.) Then 


He Bn +yn? +6n' 
a’ +f'n +7'n? +6'n' (7) 


B,= 
D,=a"” +B"n +y"'n?+ ° 


u A. Kratzer: Zs. f. Phys. 3, p. 289; 1920. 
12 M. Born and E. Hiickel: Physikal. Zs, 24, p. 1; 1923. 
13 E.C. Kemble: Proc. Nat. Acad. Sci. 7, p. 283; 1921. 
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where 
3 5 ) 
B=ao; Y=—wou [5—= 0°] | 
7 (8) 
wou? 225 705 | 
6 =— “| 10d 350c— 6 + a-—at| 
8 4 32 } 
@) 3 
a’=—; pf’ =—w u(1+a) 
2 2 
3 15 
= ayn | 5+100—36-+ Se— 1300+ ~(at+0%)| 
5 17 225 
foro [7+210— b+ 14a ret a® > (8 ) 
105 51 51 45 141 
=45ab-+~ "oc —* ad +~ b? re a’ 
2 4 
945 435 411 1509 3807 
——a*b + —a’c + —ab? — ——a*) + —— (a'+o") | 
16 8 8 16 
wu? 3 19 ) 
a’ = — ; B’=——a,n' [= +90—46+90% 2| 
2 4 2 
3 495 
¥"=—win'| ~65— 1250+ 61—30c+ 154 Fad (8b) 
95 207 a‘ 
tear er o*—90 (0+) | 
al = j 





The new formulas in this set are those for 5, y’, 6’, B’’, y’’. 

The calculation of D, from the values of A, and B, rests on the 
assumption that the cubic terms in the expressions for A, and B, and 
the quadratic term in the formula for D, may be neglected. Com- 
bining Colby’s values of A:, A2, Bo, B:, Bz with equations (7), we obtain 
as first approximations 


B=2938.73 ; y= —52.58; 
a’ =10.4499 ; B’ = —0. 30795 ; vy’ =0.00695 


4 The author is informed by Professor Birge that the analysis of the vibrational energy 
values associated with electronic b: nds indicates that the coefficient 6 of the cubic term in 
the expression for A, is generally negligible, even though the terms of higher degree must be 
taken into account. 
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Equations (8) and (9) now yield 


WwW 
w, = 2a’ = 20.8998 u=— = 0.007112 
28” 
a=———1=-—2.38; 
3w\u 
5 4y 
§ = —o?-+4- +—=3,722 ; 
4 3w; 
a” = —0.000529 ; 8” =+0.0000075 ; 


Do= —0.000529 ; D,= —0.000522 ; D.=—0.000514. 


These theoretical values of D, compare very favorably with the 
mean empirical value —0.000514 obtained by Colby on the assumption 
that Do=D,=Dz,. As the agreement is within the limit of experimental 
error it seems best to treat these three small constants as known quanti- 
ties in seeking a final adjustment of the values of the A,’s and B,’s. 

Perhaps the most important source of error in the observed wave- 
lengths of the HCl band lines comes from the fact that each line is an 
isotopic doublet. The separation of the components is approximately 
4.3 cm™ for the 0-2 band and 2.2 cm~ for the 0-+1 and 1-2 bands.” 
In the case of the 0-2 band the lines were resolved into their com- 
ponents and the wave-lengths published by Imes refer to the lighter 
and more abundant isotope. In the other bands the observations 
merely locate the center of gravity of an unresolved doublet. In 
computing the positions of the components from that of the center of 
gravity, account should be taken of the fact that while the relative 
absorptions of the two components are proportional to the relative 
numbers of molecules of the two kinds (3:1) when the total absorptions 
are small, they become more and more nearly equal as the total absorp- 
tion is increased. A simple calculation shows, for example, that, if the 
maximum total absorption in a tube of given length due to the com- 
ponent corresponding to the more abundant isotope is 97 per cent, the 
absorption due to the other component should be about 70 per cent. 
Consequently the center of gravity of the unresolved doublet will shift 
toward the weaker component as the total absorption is increased. 
In order to locate the lines due to the more abundant isotope a slightly 
different correction must therefore be applied to the observations 


4% F, W. Loomis: Astrophys. J. 52, p. 248; 1920. 
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on the strongly absorbed 0-—+1 band from that which is applied to the 
faint lines of the 12 band. The writer estimates these two corrections 
to be approximately 0.9 cm~ and 0.5 cm~ respectively. 

The analysis of the HCl band system given below is based on the 
observations of Colby, Meyer, and Bronk."* The isotopic correction 
was applied in each case so that the constants deduced for the band 
formula refer to the lighter isotope. 

Let M denote the ordinal number of any line in the corresponding 
branch and let P%» (M) and R*%. (M) denote the frequencies of the 
lines in the negative and positive branches of the n’’-+n’ band respec- 
tively.'7. Then according to the usual numbering of the lines 





P*.(M) =F,’ (M)—Fy(M +1) ; (9) 


(M) =F,-(M+1)—F,(M) . 





(10) 









Here F,, and F,"’ are defined by (2a). In order to fix the values of 
A, and B,— Bp in as simple and accurate a manner as possible, it is 
convenient to combine the frequencies of corresponding lines of the 
positive and negative branch of the 0-1 band, forming the quantities 





H(M) =}3[Po'(M)+Ro'(M)]+(Do—D)) M*. (11) 









From (9), (10), and (2a) we deduce 


. B,— By D,- 
CL eae I NE Pion. gh lawl 
4 16 









Do 2 
—_ + [By = Bot On |M@? (12) 


A, is an arbitrary constant which we set equal to zero. The method of 
least squares may be applied with unusual facility to the simple quad- 
ratic equation (12) and yields the following values: 


A, =2887.19+0.053 , 
Bo— B,=0. 3042+ 0.00034 . 


In order to find the values of By and B,; we may conveniently use the 
relations 











Ro'(M) — Po'(M +1) =Fo(M+2)—Fo(M) ; 
Ro'(M +1) — Po'(M) =F \(M+2)—F\(M) . 


(13) 
(14) 









% Colby, Meyer, and Bronk: Astrophys. J. 57, p. 7; 1923. 
17 Primes refer to the upper energy level and double primes to the lower one. 
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Combining the empirical data with the theoretical value of Do, we 
form the set of quantities wo(M) defined by 

wo(M) = Ro'(M) — Po'(M+1) —8Do(M+4)*. (15) 
wo(M) should satisfy the equation 


wo(M)=u+oM , (16) 
where 
v=4B,—8Do; u=v(1—p). (17) 


By the method of least squares u and v and hence By and p are readily 
obtained. 

A second set of values of wo(M) may be derived from (14) if we use the 
value of Byp—B, determined above. Thus (14) and (2a) yield 


wo(M) = Ro'(M+1) — Po'(M) + [4(Bo— Bi) +8(Do—D,) | (M+4) 
—8D,\(M+4)*?. (18) 


Averaging the values of wo given by (15) and (18) and applying the 
method of least squares, we obtain 


Bo=}u1= 10.4469 +0.0050 
p=0.4925+0.0012. 


B,=10.4469—0. 3042 = 10.1427 , 
5 = By(}—p) =0.078+0.012. 


The value of 6 thus derived from the data is small, but unless the 
data are subject to some unknown systematic error, it must be real. 

This completes the analysis of the 0-1 band. We turn next to the 
0—2 and 1-—+2 bands from which the coefficients in F:(M) must be 
obtained. As the data here are neither so complete nor so accurate, 
the method of analysis used on the “fundamental” cannot be applied. 
Each observation may be used, however, to calculate a single value of 
F;,(M) and by combining all the observed frequencies in both bands 
we may derive reasonably accurate values of A, and Bz. Let w2(M) 
denote the quantity A2+B:(M—})*. Then 


wa(M) = Po?(M) + 26+ Bo(M+4)?+Do( M +3)*—D2(M —})* ; (19) 
= Ro*(M) — 26+ Bo( M —4)?+Do(M —4)*—D2(M—})* ; (20) 
= P,?(M)+26+Ai+Bi(M+})*+D\(M+4)*—Dx(M—})* (21) 
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Unfortunately there are marked systematic discrepancies between 
the values of w, calculated from the P and R branches of the 0-2 band. 
These discrepancies are associated with an apparent defect in the 
combination principle 


Ro'(M) — Po'(M+1) = Ro?(M) — Po?(M+1) (22) 


and with an apparent difference in the constant terms of the two 
branches amounting to about 2 cm~'. If these discrepancies were 
known to be real we should have to conclude that our present interpre- 
tation of the 0—2 band is entirely wrong. As the accuracy of the 
observations on this band is not large, we assume for the purpose of 
this paper that the differences between the values of we calculated from 
the P and R branches is due to a systematic experimental error and 
eliminate this error so far as possible by averaging the discordant 
values. Applying the method of least squares to the mean values of 
we(M), we obtain 


A,=5667 .23+0.17 2=9.8624+0.0023 
Equations (7) now yield 
B =wo= 2940.77 u=0.007105 y= —53.58 
8’ =0.3042 7’ =0.012 
Finally we find from Equations (8) and (8a) that 
a=—2.421 b=3.905 c= —2.86 


The probable errors in the determination of these quantities given 
above are calculated from the residuals in the usual way and must be 
considered smaller than the real probable error in view of the dis- 
crepancies between the P and R branches of the 0-2 band and the 
uncertainty regarding the isotope correction. 

Dr. R. S. Mulliken'* has recently found evidence that vibrational 
as well as rotational quantum numbers should be given half-integral 
values. The question naturally arises at this point whether the theo- 
retical values of the constants a, b, c and of the fourth power coefficients 
Do, D,, etc., are appreciably altered by the introduction of half-integral 
values of m. The writer has carried through a recomputation of these 
constants in accordance with Dr. Mulliken’s hypothesis and finds that 
their values are not appreciably changed. 


%* R.S. Mulliken: Phys. Rev. 25, p. 259; 1925. 
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COMPUTATION OF IONIZATION-DISSOCIATION POTENTIAL 


When the H* and Cl- ions are separated to a comparatively large 
distance the force acting on the H* ion will consist of an inverse square 
term e?/r? due to the net charges on the two ions plus an inverse fifth 
power term due to the polarization of the Cl- ion by the field of the 
H* ion. Born and Heisenberg'® have recently given an estimate of the 
magnitude of the inverse fifth power term based on the refractivities 
of chlorine salts. They conclude that the part of the attraction due to 
polarization is 


2ae" 


wry 
where a has the value 3.0510~™ for Ci~. Fajans and Joos*® by a 
somewhat different method have arrived at the value 9.00 for the 
molecular refraction of Cl-. This is equivalent to giving a in the above 
formula the value 3.7 X 107%. 
It is convenient to express the mutual energy U of the ions in terms 
of the quantity 


Then if ¢ is small, U is very nearly equal to the quantity U, (c) defined 
by 


"i a 
U,(o) = -—— [e+] +00) (23) 


ro To 


ro is easily determined from the band spectrum observations. From 
the first of equations (6) and the empirically determined value of 
w, we obtain 

Jo=pro? =2.65X10-"gm cm? 

To = 1 ° 28x 10-*cm. 


The coefficient of o* in (23) now takes the values 2.9 or 3.5 according as 
we accept the estimate of Born and Heisenberg or that of Fajans and 
Joos for a. We shall assume the round number 3.0 to be sufficiently 
accurate. By varying the unknown constant U(o) we get a family of 
curves with some one of which U(c) makes a contact of a high order 
ato =o. 


19 M. Born and W. Heisenberg: Zs. f. Phys. 23, p. 388; 1924. 
20K. Fajans and G. Joos: Zs. f. Phys. 23, p. 1; 1924. 
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Equation (4) with the empirically determined parameters k, a, 6, ¢ 
gives an approximation to U in the neighborhood of the equilibrium 
point where ¢=1. Let U; (a) denote the function obtained by dropping 
higher order terms in (4) and substituting (1—¢)/e for &. 


1—oc\? l—o 1—«c\? 1—o\? 
Ux(0) = ) [1+0( )+0( ) +4 ) ]. (24) 
a o o o 


The complete curve for U(¢) should make a contact of a high order 
with U;(¢) at o=1 as well as with some curve of the family included 
in (23). 

The accompanying figure shows a plot of the function U,(¢) and 
plots of U,(¢) for several values of the energy of dissociation U(o). 
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I. 
g= he/r —> 
Fic. 1. Potential Energy of HCl Molecule as a Function of Nuclear Separation 


The energies are expressed in volts so that the intersection of each of 
the U, curves with the axis of ordinates gives the corresponding ioniza- 
tion dissociation potential. Clearly a much smoother transition line 
can be drawn between the U; curve and the U;, curve for an 11 or 12 
volt ionization potential than between the U; curve and the U; curves 
for either much higher or much lower ionization potentials. 

In order to get the value of the ionization potential which gives the 
smoothest transition curve, we may proceed analytically, assuming an 
expansion for U as a power series in ¢ valid in the neighborhood of the 
point ¢=1 as well as ato=0. Then the values of ro, k, a, b, c derived 
from the band spectrum observations make it possible to determine 
five unknown coefficients in this expansion, the others being assumed 
negligible. 
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Proceeding in this way we find the following expression for U in 
terms of ¢ 


2 
U =U(0)——|o+.750*+8. 126 (25) 


To 
— 28.8770°+35. 29307 — 19. 4108+4.0950°] 


As U is zero when o =1, we get 


e? 
U(o) =—[1+0.75+8.126—28.877+35.293 


To 
e 
—19.41+4.095]=0.9782 x — 
To 

The corresponding ionization potential is 10.93 volts. The graph of (25) 
is shown as a dotted line on the accompanying figure. 

Using Colby’s values of the band spectrum constants the ionization 
potential worked out in this way is 10.4 volts. | 

The ionization-dissociation potential of HCl has been generally 
identified hitherto with the experimental ionization potential directly 
observed by the electron-impact method. The value so obtained (13.7 
volts) is in close agreement with the value calculated by Born from the 
grating energy of chlorine compounds and other thermochemical 
data. His calculated value was also roughly checked by a supposed 
spectroscopic observation of the electron affinity of Cl.2* As previously 
stated, it now seems improbable that the empirical ionization potential 
is correlated with the dissociation of HCl into its constituent ions. 
Moreover the recent work of Oldenberg” indicates that the so-called 
spectroscopic determination of the electron affinity of chlorine is 
probably spurious. Hence there seems to be no direct experimental 
check on the ionization-dissociation potential calculated by Born. The 
discrepancy of 2.8 volts between the present estimate and Born’s value 
is considerable. Part of it may be due to the uncertainty of our extra- 
polation, but if Born’s calculation ultimately proves to be correct, it 
seems probable that the divergence of our estimate from his should be 
interpreted as proof that HCI cannot be separated adiabatically into 
H* and Cl- without an electron jump. 


JEFFERSON PuysicaL LABORATORY, 
HarvArRD UNIVERSITY, 
CAMBRIDGE, Mass. 


* Cf. M. Born: Die Naturwissenschaften 12, p. 1203; 1924. 
E. V. Angerer: Zs. f. Phys. //, p. 167; 1922. 
2 OQ. Oldenberg: Zs. f. Phys. 25, p. 2; 1924. 
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Non-magnetic Films of Nickel.—Sputtered films of nickel, 
formed in hydrogen at sputtering voltages of the order of 1000 and 
currents of the order of 0.02 amp, are not magnetic except if the 
thickness is “greatly in excess of’’ some 0.1u. The test is made by 
suspending the film between the poles of an electromagnet; it does not 
move. Hall effect, Kerr effect, and Faraday effect are also missing. 
Several] distinct sorts of evidence show that the films cannot be regarded 
as a loose powder, but have a high continuity and tenacity. The films 
appear to be amorphous when examined by x-ray crystal analysis- 
a result discordant with those of Kohler, who found that sputtered 
films of Co and some other metals (not including Ni) consist of small 
crystalline fragments. When such a film as these is heated (e.g. to 
400° for a short time or 200° for several hours) it becomes magnetic 
and the x-ray analysis reveals that the atoms have arranged themselves 
in face-centered cubic lattices of the type and spacing characteristic 
of nickel.—|L. R. Ingersoll and S. S. deVinney. Phys. Rev. 26, pp. 86- 
91; 1925.] 


Kart K. Darrow 


Effect of Magnetic Field on Resistance of Liquid Metals.— 
These two papers, one experimental and the other theoretical, go to 
show that the very small observed effect of the stated sort is chiefly 
if not altogether a “‘spurious”’ effect—that is to say, when a magnetic 
field is applied to a current-carrying liquid metal, the interactions be- 
tween the field and the current produce mass-motion of the liquid, and 
the voltage across the liquid must increase in order to supply power to 
maintain this. The mass-motion in question would not occur if the 
field and the current-density were everywhere both uniform in space; 
but this condition exists only if the liquid metal forms a cylinder, into 
and out of which the current is conducted by leads entirely covering 
its ends, and which the magnetic field completely pervades—conditions 
which, it is implied, have not been fulfilled in earlier work. These condi- 
tions were approximately realized by Jones, using mercury, and the 
effect was missing. When, on the other hand, the leads were small 
wires or the magnetic field ended within the liquid, there was an obvious 
effect; and when one lead was near the surface of the mercury, the 
liquid was turbulent. The theory developed by Williams consists of 
equations derived from dimensional considerations, the value of which 
is difficult to estimate. There are certain good numerical agreements 
between his theory, and Jones’ observations of the manner in which the 
effect varies as the density and viscosity of the liquid are changed by 
changing its temperature. In an analysis of earlier work, Williams con- 
cludes that there is probably a very small “‘true’’ effect with liquid 
bismuth and its amalgams after the “‘spurious”’ effect has had due allow- 
ance.—|E. J. Williams and T. J. Jones, Swansea; Phil. Mag. 50, 
pp. 27-60; 1925.] 


Kart K. Darrow 





MEASUREMENT OF THE LIGHT SCATTERING COEF- 
FICIENT OF SOME SATURATED VAPORS 
By Scott EwInc 
I. INTRODUCTION 


The subject of molecular diffraction of light originated in a paper by 
Lord Rayleigh in which he attempted to account for the blue color of 
the sky by assuming that the air molecules themselves scatter light.' 
The first successful attempt to observe the scattered light from a dust- 
free gas was made by Cabannes.? Other investigators including the 
present Lord Rayleigh, Smoluchowski, and Gans,’ have studied the 
dependence of the intensity of the scattered light on the physical prop- 
erties of the vapors and gases. The methods of all these investigators 
were practically the same—an intense beam of light was brought to a 
focus inside a chamber containing the gas and the scattered light was 
photographed or observed from a position at right angles to the direc- 
tion of propagation of the beam. Strutt first observed that this scattered 
light was not completely polarized and that the amount of unpolarized 
light varied with the different gases. The Einstein-Smoluchowski for- 
mula, which is based on the theory of density fluctuations and the elec- 
tromagnetic theory of light and which was derived originally to explain 
critical opalescence, has been shown by Raman and Ramanathan*** to 
give correct relative values for the intensity of the scattered light over 
a wide range of temperatures and pressures for several substances. In 
these measurements some substance, usually ether liquid or vapor, was 
used as a standard and the intense beam of sunlight was passed through 
the standard and the “unknown.” The intensities of the two tracks 
were then compared by visual photometry. 

When a perfectly parallel ray of light is propagated through a non- 
absorbing medium its intensity gradually decreases with increasing 
distance from the source, because a part of the incident energy is 
scattered by the molecules of the medium. The intensity at any point 
is equal to the intensity at the origin multiplied by e™, where x is the 


' Rayleigh, Phil. Mag., 34, p. 481; 1892. 

2 Cabannes, Comptes Rendus, 140, p. 62; 1915. 

* Gans, Ann. der Phys. 65, p. 97; 1921. 

* Raman, Molecular Diffraction of Light, Calcutta Univ. Press. 
5 Raman and Ramanathan, Proc. R. S., 104, p. 357; 1923. 

* Ramanathan, Proc. R. S., 1/02, p. 151; 1922. 
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distance from the origin and a is the scattering coefficient. Raman has 
suggested the importance of making a determination of the scattering 
coefficient by a direct comparison of the incident and scattered light 
intensities with liquids and vapors as scattering media. If this coeffi- 
cient could be accurately measured it would be a means of determining 
N, the number of molecules per cubic centimeter under standard condi- 
tions. A comparison of the intensity of the incident light with that of 
the light scattered at right angles was made by Cabannes, with argon 
and nitrogen as scattering substances and with monochromatic light 
of wave length 4358A.’? He compared the intensities photographically 
and used absorbing solutions to cut down the intensity of the incident 
light when he photographed it. He obtained 3.08(+.10) X10" for the 
value of N. Anadant, in an investigation of the light scattering of 
ethyl! ether and a series of four homologous acetic ethers in the vicinity 
of the critical point, made an estimate of N.* He used light of wave 
length 5460A and compared the incident and scattered intensities 
photographically with the ether at a temperature of 1.2° above the 
critical temperature. For the critical index of refraction he used 1.12 
(value given by Galitzin, who showed that it was independent of the 
temperature above the critical temperature). The compressibility was 
calculated from Van der Waals equation and was found to be 1.12 
<10-". He made two series of determinations and obtained 2.77 x 10" 
and 2.585 X10"*. Onnes and Keesom had previously obtained 3.345 
<10!* by a measurement near the critical point.* 

This investigation was undertaken to determine the light scattering 
coefficient of the saturated vapors of ether, benzol, chloroform, ethyl 
alcohol, and methyl alcohol at a definite temperature. A locomotive 
headlight was used as a source and the intensity of the incident light 
was compared with the intensity at right angles to the incident beam 
by a photographic method. The results are found to agree with the 
results calculated from theory within the limits of experimental error. 


II. THEORY OF LIGHT SCATTERING 


The Einstein-Smoluchowski theory of scattering‘ gives 





_FPERTBUA- 1) +2)? O10) _ Te? 
1= 


18r?N\4 6—7p 18r? 


7 Cabannes, Ann. der Phys., 15, p. 5; 1921. 
* Anadant, Ann. de Phys., /, p. 346; 1924. 
*Onnes and Keesom, Versl. Ak. v. Wet., Amsterdam, /0, p. 611; 1908. 
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for the intensity of the light scattered at right angles by unit volume of 
the scattering substance, where J is the incident intensity, r the distance 
from the scattering substance, 8 the compressibility of the medium = 
(—1/v) (dv/dp), u the refractive index, \ the wave length of the incident 
light, N the number of molecules per cubic centimeter, and p the ratio 
of the intensities of the vertically and horizontally polarized components 
of the scattered light. 

The intensity of the light scattered at any angle 6 with the incident 
beam is equal to the intensity at right angles multiplied by the factor'® 













1—p 





cos’6 


1+ 








1+p 









By integration over a unit sphere the scattering coefficient is found to 
be 
x 2/i- 8x*RTB(u? —1)*(u?+2)? 2+ 
o= —x{2+—(—*)} - (u )*(u ) p (2) 
9 3\1+p 9 NM 6—7p 


For a perfect gas (u?+2)=3, B=1/p and RT=p2, and the formula 
reduces to King’s formula for the scattering coefficient of a perfect gas." 











Ill. EXPERIMENTAL DETERMINATION OF THE EFFECTIVE WAVE LENGTH 
AND CALCULATION OF THE SCATTERING COEFFICIENT 





The fact that Raman and others have been able to get quantitative 
agreement with theory by using sunlight and the visual method and 
varying the factors » and § implies that some wave length A, exists, 
such that all the incident energy acts as if it were concentrated in this 
wave length. This wave length would probably vary with the intensity 
of the sunlight. A direct visual comparison of the incident and scattered 
beams, if such a comparison could be made, could never yield more than 
approximate results, for the colors of the incident and scattered light 
would be different, the scattered light being of shorter average wave 
length than the incident light. The photographic plate used with a 
spectrograph overcomes this difficulty in that it is only blackened and 
\, may be determined from the measured intensities of the images on 
the plate without any source of error due to color differences. 

We shall now attempt to show that with a given source (locomotive 
headlight) and a given measuring device (photographic plate) we can 
arrive at a definite value for the effective wave length. The refractive 























10 Ganesan, Phys. Rev., 23, p. 63; 1924. 
4 King, Proc. R. S., 104, p. 333; 1923. 
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indices at several different wave lengths were calculated for each of the 
vapors from the Lorentz formula 
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Fic. 1. The variation of the scattering coefficient with wave length. 


the refractive indices of the liquid at these wave lengths and the den- 
sities of the liquid and vapor being known." The compressibilities were 
calculated from the velocity of sound in the vapors. their densities and 


2 Smithsonian Physical Tables. 
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the ratio of their specific heats."* The calculated scattering coefficients 
a’ of each vapor, without the correction for depolarization, at the 
particular temperature at which the velocity of sound had been meas- 
ured, were then plotted against the wave lengths of the incident light. 
These curves differ slightly from inverse fourth power curves because 
the value of » changes with the wave length. (In Fig. 1 an inverse fourth 
power curve is plotted which crosses the ether curve at 4500A.) The 
blackening on the plate was found to be distributed over a range of 
about 1400A, and over this range the error introduced by neglecting 
the dispersion would be very small. Hence we can say without intro- 
ducing appreciable error that the value of A, depends upon (1) the 
distribution of energy among the different wave lengths of the source 
and (2) the sensibility of the measuring device to the different wave 
lengths. We can determine the resultant of these two factors by simply 
measuring the effectiveness of the different wave lengths of the source 
in blackening the photographic plate. This was done in the following 
way. 

A quartz spectrograph was placed in the incident beam at the point 
where the beam emerged from the scattering tube (Fig. 4B). The same 
photographic plates were used and they were developed in exactly the 
same way as when the incident and scattered intensities were compared. 
The incident light was thus spread out in a spectrum on the plate and 
the wave lengths were determined by comparison with the spectrum 
of an iron arc. Fig.2A shows a series of these spectra. The top and bottom 
exposures are of the iron arc and show that the spectrograph is trans- 
parent to radiation of far shorter wave length than the transmission 
limit of the glass. The central exposures are of the incident light that 
emerged from the scattering tube, the times of exposure being 1, 2, 4, 8, 
and 12 seconds. The vertical lines are drawn at intervals of 100A and 
mark the points on the spectra where the intensities were measured. 
Table 1 shows the calculations for the 4 second exposure. By measuring 
the blackening and correcting for dispersion, the effectiveness of the 
energy of each wave length in blackening the plate was determined. 
Details of the method are given in Section IV. 

Since the intensity of the scattered light is inversely proportional to 
the fourth power of the wave length, we can say 


indd jr i,AX i2Ar 43AX 
o=K f ok. -x(- tp ee) 
A, A.* d;! Ao! ds! 


8 Landolt-Bérnstein Tables. 
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and iAX\= 1,A\;+ t2AdXo+ 43;3AX\3+ - 


* Yin 


da! 


so that r.! (3) 


where i=intensity of the incident light and i, =intensity of light of 
wave length \, as measured by its effectiveness in blackening the plate. 
Six such measurements on different plates, with times of exposure vary- 
ing from 1 to 30 seconds showed no trend with increasing time of ex- 
posure and gave a result of 4446A =X, with a probable error of 7A. 


Taste 1. Data for Calculation of , 








D=log pe i(Density)| Disper-| i (Disper- 
tan 6 (Fig. 3) sion sion) 





.0273 .000363 .00606 1.31 .00795 
49.5 .0685 . .0196 1.22 .02395 
52.5 -1150 .00858 -03065 1.13 .0346 
53.75 .1348 d .03475 1.04 .0361 
57.6 | .1975 | . 04585 95 | .0435 
58.65 .2152 : .0501 .89 .0446 
61.13 .2585 i .0618 .82 .0500 
61.2 .2598 J .0621 .76 .0464 
57.75 | .2000 | . .0469 71 | .03325 
53.05 .1237 .0324 -66 .0214 
48.85 | .0585 | . .0162 61 | .00989 
45.6 .0091 5 .0005 .57 .000285 
Li, = .35192 8.79921 =Zin/An* 
et = 3.99945 x 10" 
r= 4472A 
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Variation in the temperature of the filament would no doubt change 
the effective wave length, but probably this change would be very small, 
for the band is limited on one side by the absorption of the glass and 
on the other by the sensitiveness of the plate. The current in the fila- 
ment was kept at the same value in all the measurements, and as soon 
as the filament showed any evidence of vaporizing a new lamp was 
substituted for the old one. When the spectrograph was placed near 
the source, with only the thin glass of the headlight bulb to absorb the 
short wave lengths, the plate was blackened as far as 3300A. The intro- 








Fic. 2A Spectra from which effective wave length was determined. 





Fic, 2B Comparison of intensities of incident and scattered light for methyl alcohol. 
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duction of a piece of plate glass or either of the lenses cut out all radia- 
tion below 3500A. The relative intensities of the different wave lengths 
did not seem to be further changed by the introduction of a consider- 
ably greater thickness of glass. 

With this value of \, we are able to choose a particular point on each 
the curves of Fig. 1 which is the value of a’. After applying the correc- 
tion for depolarization we obtain the value of a and these values are 
given in Column 4 of Table 3 


IV. CALIBRATION OF PHOTOGRAPHIC PLATES 


German made Agfa Special plates were used because of their extreme 
speed. The densities of the images were compared with the unexposed 
emulsion in the vicinity of the image by means of a modification of the 
Glan polarization spectrophotometer. Such a comparison tends to 
eliminate errors due to variations in the thickness of the emulsion. 
When an image is measured light of uniform intensity illuminates the 
plate. Two beams of light enter the instrument, one having passed 
through the image, the other through the unexposed plate. The beams 
then enter a crystal of calcite which is so oriented that only the ordin- 
ary ray of one beam and the extraordinary ray of the other beam pass 
through it. A nicol prism is mounted on a circle back of the calcite 
crystal. The circle is so set that it measures the angle @ between the 
optical axis of the nicol and the optical axis of the calcite crystal. It is 
easily shown that the ratio of the intensities of the two beams, after 
they pass through the photographic plate is given by tan*@ when the 
nicol is adjusted so that the two fields are equally illuminated. The 
usual definition of density on a photographic plate is 


transmitted intensily 
incident intensity 
so that the density is equal to 2 log tan@. For each image the average of 
five settings on each side of the zero position was taken. For any given 
density the equation I = D*-*/t-*7 gives the intensity in terms of the 
density and time of exposure. The equation was obtained by a direct 
calibration of the plates. By using this equation two intensities can 
be compared by adjusting the times until the densities are equal. The 
two intensities must be of the same order of magnitude, for the probable 
error in the exponent of / is about .02. 

There is a certain optimum value of Jt which produces the greatest 
amount of blackening per unit of energy. A curve was constructed be- 
tween @ and the relative effectiveness of the energy in blackening the 





D=log 10 
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plate. (Fig. 3) This curve and the above equation then permit of a 
comparison of two light intensities by a measurement of the blacken- 
ing produced and the time of exposure. All plates were developed for 
4 minutes with Eastman Special developer at a temperature of 22°C., 
a fresh solution being used for each plate. When the incident and 
scattered intensities were compared, 12 exposures of the incident 
light and 12 exposures of the scattered light with four different times of 


" 


o 
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Fic. 3. Calibration curre for determining intensity in terms of blackening. 








exposure for each were taken on the same plate,as shown inFig.2B. The 
slope of the blackening curve (y of the plate) becomes greater with in- 
creasing time of development, so that if the calculated intensities have 
a trend with increasing time of exposure, it means that the plate was 
over or underdeveloped and must be discarded. 
V. APPARATUS AND METHOD FOR DETERMINING THE RATIO OF 
THE INTENSITIES OF THE INCIDENT AND SCATTERED LIGHT 

The glass cross tube containing the vapor has bulbs sealed on three 
of the arms and a long horn on the fourth to produce a black background 
for photographing the scattered beam. The lens effect of the bulbs is 
so small that it can be neglected. The tube is painted black everywhere 
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except for circular areas on the bulbs and is inclosed in a tight wooden 
box with three glass windows, which contains a thermostat, a heating 
coil of small heat capacity, and a fan. The temperature could be held 
constant in all parts of the box to within 2°. 

When the incident beam is photographed the apparatus is arranged 
as in Fig. 4A. The light which passes through the diaphragm D, is 
spread out in a cone with base of area A, by the lens L, and a small 
area a, at the base of this cone is spread out into another cone with 
base of area Az by Lz. Screens were used to cut out diffuse light and 


A 


| 
an OS 


Fic. 4. Diagram of scattering apparatus. 


the source was inclosed. Agroundglassat the rectangular aperture D, was 
necessary to overcome diffraction effects and its transmission coefficient 
was measured and found to be .0433+ .007. The small lens L; forms an 
image of the aperture D, at the center of the cross tube on which the 
camera is focused. When the scattered intensity is measured convex 
lenses L; and L, are substituted for L; and Lz and an image of the fila- 
ment is formed on D, (Fig. 4B). This image has a rectangular form, 
and its area dz can be accurately measured by placing sensitized paper 
in the plane of D. and measuring the image on the paper. The ratio 
of the intensities illuminating the aperture is then the ratio of the follow- 
ing areas 
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a\d2 


AA (4) 


The areas of the cones were determined by using rather small apertures 
near the lenses and letting the cone of light fall on sensitized paper. 
The plate glass G was placed in the beam when the intensity of the 
incident light was measured, so that the thickness of the glass through 
which the light passed was practically the same in both cases. This 
introduces two more reflecting surfaces for which a correction was 
made. Otherwise the reflection losses in both cases are the same. 
Eliminating K from (1) and (2) we have 


3: tr?x *(—*) 
+p 


The values of p for three of the vapors have been measured and we can 
determine the ratio i/J from our measurements and thus get a. In Figure 
4A all the light which passes through the tube strikes the camera lens. 
In Figure 4B the effective area of the camera lens was measured by 
comparing the intensities on the plate with and without a small aper- 
ture in front of the camera lens. The camera is the same distance from 
the center of the cross tube in both cases and the reflection losses are 
the same, so that the intensities of the images are proportional to the 
intensities of the sources. From equation (1) we see that the fraction 
of the scattered energy which strikes the plate for unit volume of the 
scattering substance is equal to the solid angle subtended by the camera 
lens multiplied by i. But the intensity of the image on the plate de- 
pends upon the area over which this energy is distributed, or it is pro- 
portional to the depth of the beam. That is J, =iAd where /, is the in- 
tensity of the image due to the scattered light, A is the area of the cam- 
era lens which is at a distance r from the beam and d is the depth of 
the beam. Then if J; is the intensity of the energy on the plate for the 
incident beam, using (5) and the ratio R given by (4) we get 


_ 8 Rr*x <—(= +p 
 -31Ad i+p 


Fig. 2B shows a series of exposures taken on one plate with methyl 
alcohol as the scattering substance. The rectangular areas are photo- 
graphs of the incident beam. The measurements and calculations for 
this plate are shown in Table 2. Images 13 was considered a poor 
measurement, and was not used in calculating the value of a’, the 
scattering coefficient without the correction for depolarization. 


(5) 


(6) 
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TABLE 2. Sample Calculation of a’ 








D= 
log tan @ DD a 4-87 





0822 0041 63.95 
1179 009063 91.65 
1779 02241 130.5 
2178 03498 155.3 


0630 002282 498.1 
0868 004621 699.0 
007087 853.5 
0241 1241 


0680 0027 63.9 
1150 00858 91.65 
1508 01557 117.7 
59.75 2342 04103 167.5 


46.88 0285 000398 477.5 
49.93 0750 003352 679.5 
0775 003601 679.5 
2643 0536 1767.0 


0938 00548 91.65 : 28.45 
49.30 0654 002479 63.95 . 28.75 
54.82 1519 01584 117.7 ‘ 32.1 

60.27 2431 04454 167.5 . 34.55 


48 .66 0556 001735 477.5 ‘ 3.305 
51.73 103 006733 679.5 -976 4.07 

51.90 1056 00711 872.6 -8145 3.325 
50.74 0877 004727 872.6 5405 2.842 


I,=3.427, 1;=32.43 Transmission coefficient of plate glass=.91 R=aja2/AiA2 
@,=.1715, ag =.507, A; = 2013, Ap=132.8 16r*x/3A =734 d=.665 cm. 
Transmission coefficient of ground glass = .0433 

a’ 3.427 X734X .910433 x .1715 .507Xx2 


= = .299x10% 
32.43 X .665 X 2013 X 132.8 ” 





























VI. RESULTS 


Table 3 gives the calculated and observed results for the scattering 
coefficient. At least two plates were used for each substance, the posi- 
tion of the concave lenses being different for each plate. The ether stood 
over sodium for several days and was then distilled. The scattering 
coefficient for ether was determined at a temperature of 60°C. The 
intensity of the scattered light was measured over the range from 0° to 
100° and agreed very well with the results of Ramanathan. The velocity 
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of sound in ether vapor had been measured at 100°, so the scattering 
coefficient was calculated for this temperature. The scattering coeffi- 
cient at 100° is 3.6 times the scattering coefficient at 60°. The result 
given in the table is, then, the coefficient at 60° multiplied by 3.6. 


TABLE 3, Calculated and Observed Values of Scattering Coefficient 


Substance 8 p a obs. 




















Ether 99.7° | 1.312X10-? | O17 (Strutt) 4 .585X 10-5 
| 4.75 
Benzol 99 .8° SB: .062 (Ramana- a | 1.553 
than) 

.579 
Chloroform 99 .8° 3.03 | .03 (Strutt) 8 | 1.803 
.812 
Ethyl! alcohol 99 .8° 275 .017 (Ganesan)"* 44 | 432 
455 
Methyl alcohol 99.8° | 2.5 .027 (Ganesan)" 855 . 295 
.279 





The benzol was slowly frozen and then allowed to partially melt 
and the melted liquid was poured off several times. 

The chloroform was washed with water and concentrated sulphuric 
acid and distilled from freshly ignited sodium carbonate. 

The methyl alcchol was the J. T. Baker Chemical Company’s 
absolute methyl alcohol. 

The ethy] alcohol was allowed to stand over unslacked lime for several 
days and was then distilled. It still gave a faint blue color on standing 
over dehydrated copper sulphate. 

Using all the results the value of N was calculated and found to be 
(2.69+.03) X10". The result is perhaps better than the precision of 
the experiment would lead one to expect. 

The author wishes to express his appreciation to Professor E. P. Lewis 
under whose direction the work was done, and to other members of the 
Physics Department for many helpful suggestions. 

4 Ganesan. Phil, Mag. June 25, 1925. 
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AN INSTRUMENT FOR THE RAPID PRODUCTION 
OF LAUE PHOTOGRAPHS 


By Jonn T. Norton 


The Laue photograph type of x-ray diffraction phenomenon has 
proved to be very useful for the study of crystalline materials, particu- 
larly when used in conjunction with other x-ray methods of examina- 
tion. This method of examination has the drawbacks howeygs® of 
requiring very long exposures. In order to make th method more 
useful, a small instrument has been devised which makes it possible 





Fic. 1. Laue attachment mounted on x-ray diffraction apparatus. 


to obtain good Laue patterns in a few minutes. The instrument is 
intended as an accessory of the x-ray Diffraction Apparatus of the 
General Electric Company which is well known and in use in many 
x-ray laboratories, and is arranged to replace one of the regular cassettes 
of this apparatus. 
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The instrument itself consists of three parts; a base which fits the 
guides on the table of the diffraction apparatus, a pin hole system 
. fastened to the front of the base and a film holder which slides on the 
top of the base. The base is made of sheet brass so that it fits the guides 
at the bottom and the top is shaped so that it makes an angle of 5 de- 
grees with the horizontal, making it parallel to the x-ray beam which 


Fic. 2. Laue patterns «f single crystals. 


emerges from the apparatus. The pin hole system consists of a brass 
plate one-eighth of an inch thick screwed to the front of the base, 
normal to the top, and at the height of the center of the x-ray beam 


there is drilled a hole .028 inches in diameter corresponding to a No. 70 
drill. The fact that the hole is long compared with its diameter results 
in an x-ray beam which is nearly enough parallel for practically all 
purposes. A hole of this size has been found very satisfactory. The 


Fic. 3. Aluminum sheet. Left, annealed. Right, cold rclled. 


film used in Eastman extra fast dental film, 1 1/41 5/8 inches. Since 
the film is enclosed in a paper pack, no cassette is necessary and the 
film holder is merely a light metal frame to which the film is attached 
and which is movable on the top of the base. The crystalline sample is 
usually attached directly over the pin hole by means of a little collo- 
dion. Fig. 1 shows the arrangement of this apparatus. 
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The x-ray beam from the water cooled molybdenum target x-ray 
tube is sufficiently heterogeneous when no filter is used to give a large 
number of spots. The K-alpha doublet predominates in intensity and 
spots due to this wave length are easily picked out. Figs. 2 and 3 show 
some of the patterns which have been obtained with exposures of 
between 5 and 10 minutes. While the precision of the results obtained 
is not so high as with the more elaborate instruments, and it is not so 
flexible as regards the orientation of the crystal, the short time of 
exposure makes it very useful for a great many types of problem where 
a large number of pictures are required such as the study of cold worked 
and annealed metals. 

The instrument was primarily designed for instruction and for this 
purpose has proved very successful, enabling the student to make a 
number of photographs and develop them in an ordinary laboratory 
period. But its use is not confined to instruction and it has been found 
very valuable in the study of various research problems. 
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Dichroism exhibited by Fibers permeated with Elements.— 
Cotton fibers were saturated with each of 16 elements, metals and non- 
metals, by appropriate chemical methods, and observed in light polar- 
ized alternately parallel and perpendicular to the direction of the axis 
of the fiber. For the pronounced dichroitic effects that are observed 
in such cases (also when a fiber is saturated with a dye) there have 
been two theories: one, that the substance introduced into the fiber 
exists there in the form of long conductive rods or filaments parallel 
to the axis, reflecting light of which the electric vector is parallel to 
their length, not light with the electric vector parallel to their breadth; 
the other, that the introduced substance forms crystals or perhaps 
single molecules or atoms, not necessarily longer than they are broad, 
but oriented all in the same way. Frey’s experiments were meant to 
eliminate one theory or the other, which, however, is not so easy. Were 
the first and simpler theory true, non-conducting elements such as 
sulphur and phosphorus should not display dichroism when absorbed 
into a fiber, and in fact they do not; but bromine and iodine, which 
also are non-conductors, do display it very strongly. On the other hand, 
if the dichroism were due to orientation of crystals, it might be thought 
that elements crystallizing in the cubic system would display it least; 
but gold, silver, and the platinum metals display it strongly, and so do 
mercury and bromine which are presumably still liquid within the 
fiber. There are cases in which the fiber appears brilliantly colored for 
either orientation of the electric vector, but differently for the two, 


which is more complicated than the first theory admits; and there are 
cases, although few, in which more light is reflected when the electric 
vector is perpendicular to the axis of the fiber, which is altogether 
contrary to the theory. The author’s own idea appears to be that in- 
dividual molecules of the substance within the fiber are oriented.- 
[A. Frey, Jena; Naturwiss. /3, pp. 403-406; 1925.] 


Kari K. Darrow 


On the Stigmatic and Orthoscopic Corrections.—The greater 
part of this paper is mathematical, and deals with certain transforma- 
tions of the classical equations. The theory of the sine condition is 
extended. The image produced by the human eye is compared with 
that formed by a photographic objective, with emphasis on the lack 
of plasticity of the latter. Special attention is given to caustics, and 
the pole of the caustics is found to coincide with the “natural” dia- 
phragm suggested by Gleichen. Spherical lenses do not permit the con- 
struction of photographic objectives both astigmatically and caustically 
corrected to give an image strictly comparable with the visual one, 
but do permit an approach within certain limits. [Ch. W. Van der 
Pijl, Revue d’Optique, 4. pp. 229-251; 1925.] 


G. W. Morritt 





DATA ON THE FLOW OF ELECTRIC CURRENT 
IN QUARTZ* 
By V. E. WHITMAN 
I. INTRODUCTION 

The properties of quartz are of particular interest as the substance 
can now be obtained in both the crystalline and amorphous forms. 
S. W. Richardson! has investigated some of the electrical properties of 
crystalline quartz, both perpendicular to and along the optical axis. 
His work was undertaken for the purpose of discovering the general 
law of electrical conduction in dielectrics. R. Ambronn? has also made 
measurements on the electrical conductivity of quartz crystals along 
different axes. The electrical resistivity of fused quartz has been meas- 
ured as a function of temperature by Campbell and more accurately 
as a function of both temperature and time by Jaquerod and Mugeli.‘ 

The present investigation was conducted at the Bureau of Standards 
during the early part of 1924, and was undertaken primarily to deter- 
mine some of the electrical properties of fused quartz. Incidentally, a 
piece of crystalline quartz cut perpendicular to the optical axis was 
obtained and some interesting comparisons made between its properties 
and those of the fused variety. All measurements were made at 20°C. 

Il. THE SPECIMENS AND THEIR PREPARATION 

The samples of fused quartz were furnished by the General Electric 
Company. They were ground and polished in the optical shop of the 
Bureau of Standards, and, as used in the investigation here described, 
were in the form of flat discs, approximately three mm thick and 150 
mm in diameter. The electrical characteristics were measured between 
electrodes on opposite sides of the specimen. One of these electrodes 
covered the entire bottom of the disc. The electrode on top was about 
110 mm in diameter. Concentric with this top electrode was a guard 

*Published by Permission of the Director of the National Bureau of Standards of the 
U.S. Department of Commerce. 

'S. W. Richardson, Roy. Soc. Proc. 92, pp. 41-57; Oct. 1, 1915. 

S. W. Richardson, Roy. Soc. Proc. 92, pp. 101-107; Nov. 1, 1915. 
S. W. Richardson, Roy. Soc. Proc. 107, pp. 101-112; Jan. 1, 1925. 
2 R. Ambronn. Phys. Zeit. /4, p. 112-8; 1913. 


3 A. Campbell. Proc. Phys. Soc., Lond. 25, p. 336-7; 1913. 
* Arch. Sci. Phys. Nat. 4, p. 89-119; 1922. 
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ring of 114 mm inside diameter and 140 mm outside diameter. Both 
silver and platinum were tried as electrode materials with no difference 
in the electrical results noted. The silver electrodes were deposited 
chemically, as in silvering a mirror. The platinum electrodes were 
painted on with a mixture of PtCl, in oil of lavender and baked, as in 
baking a metallic design onto a china plate. 

The sample of crystalline quartz was a disc 2 mm thick and 67 mm in 
diameter. This plate was cut so that the faces on which the electrodes 
were placed were perpendicular to the optical axis. Only silver elec- 
trodes were used on this crystalline specimen, and were arranged as 
described above in the case of fused quartz. 
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Fic. 1. E, battery for charging the variable condenser C,; S, a highly insulated switch; 
R, the specimen to be measured ; and QiN Qs, the electrometer. 


Ill. ELECTRICAL CONDUCTIVITY 


Some time was taken to determine the best type of instrument with 
which to measure the very small current flowing through these speci- 
mens under test. Galvanometers, both of the D’Arsonval and Ein- 
thoven type proved too insensitive. A resistance-coupled electron tube 
amplifier was tried, but given up. It appeared that to insure a constant 
amplification in such a device would require a lengthy research in itself. 
A quadrant electrometer, calibrated for use as a coulometer by the 
following method was finally used. 
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(A) CALIBRATION OF ELECTROMETER 


The electrical system between Q, and Q, is to be regarded as a con- 
denser of capacity C,. This capacity C, not only includes that of the 
electrometer, but also the capacity to ground of the specimen R and 
the wire system connecting R to Q. 

The procedure is as follows: With any convenient setting on C,, 
charge it with Z,. The total charge on the system is then E,C;. Now 
throw S to the left. This disconnects the battery and connects the 
system Q,N Q, in parallel with C,, so that the original charge is divided 
between C, and C;. The system Q,N Q.C;, will assume a new difference 
of potential E’ across both C; and C;. Hence 


E,C,= E'(Ci+-C2) 
E,C; 
Ci+C, 


and 


, 


(1) 


The charge E’C; is now distributed over the electrometer and speci- 
men in such a way that the electrometer deflection is D. 


yn.  EiCiCe : 
E'C:= C4 = charge corresponding to deflection D (2) 


. 


ri 2 


Now discharge the system and recharge the variable condenser so that 
the charge on it is just twice the previous value. This may be accom- 
plished by doubling either the capacity of C, or the voltage of E:. 

With this charge 2 £,C, on the condenser, throw S to the left again 
and the electrometer deflection will be D2. Now adjust the variable 
condenser to a new value C’; so that the electrometer deflection is again 
D, as it was in the first setting. The potential difference across C; and 
C; is now E” and 

2E:Ci\=E"C':+E"Cs 


But since the deflection was the same in both cases, the charge on the 
system of capacity C: must have been the same, so that 


E"C:=E'C: . E"=E' 


2E,C, = E’(C;'+C,) 
| 2EC 


= Cf 40 


vi 
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This may be combined with (1) to give 


2EC, E 


v 


Cites CebCr 
from which 
C:=C,'—2C, (4) 


Substituting this value of C, in (2) gives the charge required to give a 
certain deflection D. 

In this way the system including the electrometer and specimen is 
calibrated as a coulometer. This method has the advantage that the 
electrometer is calibrated at a certain definite deflection. In the ordi- 
nary form of quadrant electrometer there is not a straight line relation 
between charge and deflection. The above method allows the electro- 
meter to be calibrated at every point along the scale. It also has the 
advantage that the specimen and electrometer need not be touched in 
any way, and the investigation of the specimen may be proceeded with 
immediately after the calibration. All chances of errors arising from 
mechanical disturbances ar thus eliminated. 

The electrometer used in the research which follows was used only at 
small deflections where its calibration was essentially a straight line. 
Its electrical and mechanical zeros were in coincidence. 

The sensitivity determined by the above method showed that three 
micromicrocoulombs on the insulated quadrant system produced a 
deflection of one millimeter on the scale. 


(B) INSTRUMENT ARRANGEMENT AND ELECTRICAL CIRCUIT® 


Here QQ. are the two sets of electrometer quadrants, N is the 
electrometer needle, S,;S:2 are switches, B,B, are batteries, R is the 
specimen, PP are electrodes, G is a guard ring, and D is an auxiliary 
connection to Q2 for use in the calibration of the assembly. 

As is indicated in Fig. 2, the lead to the insulated quadrant Q2 was 
completely shielded by a grounded metal case, extending from the 
electrometer case at its upper end to the guard ring at its lower end. 
Two electrically operated switches S, and S: were mechanically inter- 
connected by a delay mechanism, which could be adjusted so as to 
control the difference in their relative time of action. This difference 
in time could be set at will to any value greater than 0.002 second. 


5 H. L. Curtis, Bull. Bureau of Standards, //, Sci. Paper No. 234, p. 364. 





Jan., 1926] CURRENT-FLOW IN QUARTZ 


(C) TECHNIQUE OF MEASUREMENSS 

Before starting any series of readings, the electrodes PP on the speci- 
men were connected together for sufficient time to insure the complete 
discharge of the specimen. In the set-up as used and shown diagram- 
matically in Fig. 2, this discharge was most readily accomplished by 
grounding both electrodes. 

At zero time S, was connected to 
B,, thus causing a flow of current 
through the specimen and S; to 








ground. Then at any desired time 7;, 
which could be varied from a mini- 
mum of a few thousandths of a sec- 
ond up to several hours, S: was opened 
so as to disconnect Q2 from ground. 
The charge then leaking through the 
specimen would distribute itself over 
the system Q.P and impart an in- 
creasing deflection to the electrometer 
needle N. The time AT for the needle 
to move through a small angle was 
observed, and from this time and the 
calibration data the average current 
during the period AT was obtained 
from the fundamental relation 





























d 
r= 
dt 


It was of course necessary to assume that the current was constant 
during this period AT. The maximum charge on Q, at any time was so 
small that the voltage across the specimen was not appreciably affected 
by its presence. 

As soon as a reading was made, S: was closed again, bringing Q2 
back to ground potential while current still continued to flow through 
R to ground. After this the readings were taken simply by opening S, 
and noting the time required for the electrometer needle to reach a 
certain deflection. 

The measurement of current while the specimen was discharging 
was carried out in exactly the same manner as described above except 
that S, was connected to ground instead of to B. 
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(D) RESISTANCE PHENOMENA AND DISCUSSION 


Measurements made on fused and crystalline quartz showed that in 
both cases the current flowing through the specimen decreased at 
first very rapidly with increasing time. Figs. 3 and 4 both show this 
variation of current with time. Fig. 3 is drawn to a scale to show to best 
advantage the observed results for fused quartz, and Fig. 4 is primarily 
to illustrate the behavior of crystalline quartz under the same condi- 
tions. On the charging part of the cycle, both varieties of quartz showed 


CURRENT- TIME. CURVE FOR. 
CHARGE AND DISCHARGE 

OF FUSED QUARTZ . 
CRYSTALLINE. QUARTZ CURVE 
INCLUDED FOR COMPARISON 


VOLTAGE ACROSS PLATE: 560 


9° 


: 
: 


6 6 % 6 6G & 6 6& PS BD & 
TIME. IN MINUTES FROM START OF CHARGE. 


Fic. 3 
very similar current-time characteristics during the first 4 or 5 minutes, 
the current through the crystalline quartz being always about 50 times 
that through the fused quartz specimen. 

As the time increased, the current through the fused quartz plate 
became less and less. After the specimen had been subjected to 360 
volts for 24 hours, the charging current was less than the electrometer 
could detect in 30 minutes. This current must therefore have been less 
than 10-"* amperes, corresponding to a volume resistivity of the order 
10° ohm-centimeters, in agreement with the work of Jaquerod ‘and 
Mugeli.® 


5 Loc. cit. (4). 
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However, when the electrodes on the crystalline quartz plate were 
maintained at a constant difference of potential, the current through 
the specimen reached a steady value after about 8 minutes and did not 
vary appreciably during the next 24 hours. The apparent resistance, as 
calculated from Ohm’s law depended on the voltage, as will be brought 
out in a later paragraph. 

The current-time curves during the discharge part of the cycle, also 
shown in Figs. 3 and 4, are of the same general shape for both fused and 
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crystalline quartz. The slow dropping off of this current as time went 
on was taken as evidence of dielectric absorption being present. 

The experimental fact that the true conductivity of fused quartz 
(i.e. the limiting conductivity measured after current has passed into 
the specimen for an infinitely long time) is lower than that of any other 
solid substance known at present points to the fact that fused quartz 
should be the best material in which to study the phenomenon of 
dielectric absorption. A number of experiments were conducted with 
the idea of investigating this phenomenon, and a typical set of results 
for fused quartz are given in Fig. 5. 
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If the areas under the charge and discharge curves in Fig. 5 are meas- 
ured and compared, they will be found to be equal within the experi- 
mental error, showing that most of the initial flow of current was 
absorbed in the quartz and was available again on discharge. The num- 
ber of coulombs actually passing through the plate, due to its conduc- 
tivity, must from this viewpoint have been very small. 

It is interesting to note that all of the experimental work in the 
present investigation was completed before the work of Jaquerod and 
Mugeli* had been brought to the author’s attention. The curves of 
Fig. 5 and the conclusions drawn therefrom are in complete agreement 
with the findings of Jaquerod and Mugeli. 
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A typical example of how well the curves in general fitted the experi- 
mentally determined points is also seen in Fig. 5. 

In the course of this investigation, the question arose as to what 
extent Ohm’s law held. Comparable results could only be obtained by 
using the equilibrium value of current (saturation current) at different 
voltages. On account of the uncertainty of the magnitude of this current 
in fused quartz, no data could be obtained which would have a direct 
bearing on Ohm’s law. As was seen in Figs. 3 and 4, the saturation 
current in crystalline quartz with the electrode surfaces perpendicular 
to the optical axis was very definite. 

* Loc. cit. 
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The experimental results of saturation current-voltage measurements 
are given in Fig. 6 and in Table 1. 

The points which were given most weight in drawing the curve shown 
in Fig. 6 were the averages of a number of points. The maximum devia- 
tion of any of the points from their arithmetical average may be re- 
garded as a measure of the probable accuracy of the experimental data. 
Regarded in this light, Table 1 and Fig. 6 show that the accuracy at- 
tained was too great to justify a straight line through the points. The 
values of saturation current were taken after the plate had first been 
completely discharged, and then charged for at least 30 minutes. 


CURVE SHOWING SATURATION 
CURRENT iN DIRECTION OF 
OPTICAL AXIS OF CRYSTAL- 
LINE QUARTZ AS A FUNC- 
TION OF THE VOLTAGE ACROSS 
THE SPECIMEN 

SEE TABLE | FOR DATA 
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The duplicated readings at the same voltage were taken from 3 to 20 
minutes apart. In the case of crystalline quartz, the time at which the 
the current reaches its saturation value is practically independent of 
the voltage applied. There seems to be a slight tendency for increased 
voltages to shorten this time, but even this is far too small to explain 
the departure of the curve from a straight line. 

The values given in Table 1 for R are the values of plate resistance 
obtained by dividing the voltage by the current. This is the slope of the 
chord from the origin to the point in question. These values of resistance 
might also be termed saturation values from the method used in obtain- 
ing them experimentally. 
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Regarding the current through a substance such as crystalline quartz 
as a function of voltage and time, one might be led to suppose that its 
complete behavior might be defined by a surface in three dimensions. 
This would, however, probably not be the case since the point fixing the 
current would, in general, depend on the path in the “voltage-time” 
plane by which the final point was reached. The current would thus 
be a complicated function of voltage, time, and past history. 


TABLE 1. Values of Voltage, Saturation Current and Resistance of a Plate of Crystalline Quartz, 
the Potential Gradient tied Parallel to the — Axis. 
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(E) THE MEASUREMENT OF CURRENT AT VERY EARLY PERIODS OF TIME 

In the experimental work which has just been described, no points 
were observed on any current-time curve at values of time less than 
one second after the start of the cycle. A method was devised which 
would enable the determination of these points but the research had to 
be concluded before an experimental test of the method could be con- 
ducted. Although some modifications may prove desirable in practice, 
the method itself is considered of sufficient importance to warrant 
presentation here. 

The deflection 6 of the electrometer is given by the equation 

6=KV 
where 
V =voltage across the quadrants 


a, charge on quadrants 





at capacity between quadrants 


Eq. (5) is for an ideal electrometer which can never be completely 
realized in practice. However, the above law is sufficiently adhered to 
when an electrometer with small slits between the quadrants, and a 
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large needle, is used only at small deflections. The deflection 6 must be 
read when the needle is moving slowly and uniformly, i.e., when equi- 
librium between V and @ has been reached. 

Now, since the charge Q can be written as the integral of current 
over a given interval of time, (5) may be rewritten in the form of a 
definite integral. 


T 


o-— f i(r)d (6) 
= Cc uUr)ar 


t 


In Eq. (6) i(r) is the desired function relating current and time; ¢ is 
the time at which the charge started to flow onto the electrometer, and 
T is the time at which the deflection @ is noted. 

Differentiating 6 with respect to the lower limit /, gives at once 


dé K 


eae 


where i(¢) is the value of the function i(7) when 7 =1. 
In the set up as given in Fig. 2, this value of r =/ is numerically equal 
to the difference in timing of the switches S; and S¢. 


6 





Lemme = 





FIG. 7. 


If now @ is plotted as a function of T for different values of ¢, there 
will result from experiment a family of curves of the general appearance 
of Fig. 7. 

Now select any value of 7 and plot 6 against ¢ for this fixed T, and 
the resulting curve will be similar to that shown in Fig. 8. 

That the slope of the curve in Fig. 8 should be unique, regardless of 
the constant value assumed for T in obtaining it, is demanded by the 
differentiation which resulted in Eq. (7). The slope of this curve at 
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any point /, is a direct measure of the current through the specimen 
at time /,. 

This method makes it possible to ascertain the value of current at 
the instant that S. opens from measurements made several seconds 
later. Current-time curves could thus be extended into the region of 








FIG 6. 


time less than that required for such a sluggish instrument as the quad- 
rant electrometer to act. The actual observation of current could be 
carried back as near to the origin of time as desired, the only limitation 
being the accurate mechanical timing of the switches used. 


IV. DIELECTRIC CONSTANT AND POWER FACTOR 
METHODS OF MEASUREMENT AND RESULTS 


The capacity and power factor of the quartz specimens were measured 
by the series inductance method® using 1000-cycle alternating current 
on the bridge. The guard rings. were used in these measurements, and 
the dielectric constant calculated from the measured capacity and the 
dimensions of the specimen between the electrodes. — 

The dielectric constant was found to be for 


fused quartz = 3.88 + .02 
and for 
crystalline quartz = 4.04 + .04 


These values differ slightly from those reported by other observers,’ 
but at the temperature and frequency at which they were made, are 
considered accurate within the limits given. 


* F. W. Grover, Bull. Bureau of Standards, 3, Scientific Paper No. 64, p. 389. 
7 Landolt-Bornstein, Physik-Chem. Tabellen. 5th Edition. 
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The power factor in both specimens was measured and found to be 
less than 0.01 per cent, the limit of sensitivity of the bridge employed. 
This is in agreement with Schott’s* measurenients. 


V. SUMMARY 


The electrical characteristics of fused quartz and of crystalline quartz 
along the optical axis were investigated at 20°C and the following 
points established: 

(1) When a constant potential difference is maintained between two 
opposite sides of a specimen of either kind, the current drops off rapidly. 
After one minute the current is less than one-tenth of its original value. 

(2) The electrical resistivity of fuzed quartz increases as current is 
passed through it, and reaches a value in excess of 10°° ohm-centimeters 
after about twenty-four hours. 

(3) The electrical resistivity of crystalline quartz along the optical 
axis increases as in fused quartz but reaches a constant value of about 
5X10" ohm-centimeters after about ten minutes for an impressed 
voltage of 360 volts. 

(4) Both varieties of quartz show dielectric absorption, but the fused 
variety, on account of its higher resistivity, is an ideal substance in 
which to investigate this phenomenon. 

(5) Ohm’s law does not hold for crystalline quartz along the optical 
axis, the specific resistivity at 800 volts being only 60 per cent of that 
at 200 volts. 

- (6) The dielectric constant of fused quartz at 1000-cycle alternating 
current is 3.88 + 0.02. 

(7) The dielectric constant of crystalline quartz along the optical axis 
at 1000-cycle alternating current is 4.04 + 0.04. 

(8) The power factor in both varieties of quartz is less than 0.01 per 
cent. 

(9) A method is given by which a quadrant electrometer with a period 
of several seconds can be used to measure the current flowing in a circuit 
a few thousandths of a second after the circuit is closed. This method 
depends essentially upon precisely timing the action of two switches. 


BuREAU OF STANDARDS, 
WasuinctTon, D. C. 


* Zs. f. Drahtl. Tel. 18; p. 82; 1921. 
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Notes on the Calculation of Stigmatic Spectacle Lenses.— 
In 1804 Wollaston called attention to the superior field characteristics 
of meniscus spectacle lenses, but the strong curvatures made the lenses 
difficult to manufacture, and they did not come into general use. In 
1898 Ostwalt showed that stigmatic correction could be obtained with 
curvatures less than those proposed by Wollaston. Tscherning, in 
1904, treated the subject in all its generality. In the present paper 
the author discloses one of the approximate mathematical methods for 
determining the best form for spectacle lenses to give minimum astigma- 
tism for oblique pencils. A table is given showing the powers of the 
surfaces for a number of lenses, both for the form suggested by Wollas- 
ton and for that suggested by Ostwalt, these being the two solutions 
of the equation. The work is purely analytical. Therefore the curva- 
tures given are not definitive. [A. Nectoux, Rev. d’Optique, 4, pp. 
285-293; 1925.] 


G. W. Morritt 


A Study of Objectives for Copying.—In a former paper a method 
for testing photographic objectives, and those for telescopes, by means 
of a rather coarse grating near the focal plane was described. The 
aperture of the objective was viewed by an eye, or a camera, just 
back of the grating. The method is now extended to apply to objec- 
tives used in copying and in photoengraving. The fringes may be 


photographed and are easily interpretable, as is evident from the 
illustrations. {L. Lenouvel, Revue d’Optique, 4, pp. 294-298; 1925.| 
G. W. Morritr 


Test of Objectives by Means of a Wedge of Air.—-The wedge is 
formed of two semi-silvered plane parallel plates held in contact along 
one edge and adjustable in separation by means of a screw at the other. 
If one substitutes this wedge for the focal plane grating used in the 
author’s method of testing objectives, a set of fringes quite similar to 
those obtained with the grating may be observed in the aperture of the 
objective. Formulas for the calculation of the theoretical position of 
the fringes are developed. The adjustment of the apparatus is more 
critical than when a grating is used. It is useful in a number of tests 
that may be made in conjunction with a spectrometer. The eye piece 
is removed and the wedge placed in the focal plane of the telescope 
objective. One then views the objective directly through the wedge. 
The optical quality of plane parallel plates and of prisms may be tested 
easily by placing them between collimator and telescope. Monochro- 
matic light must be used. [L. Lenouvel, Revue d’Optique, 4, pp. 299- 
304; 1925.] 

G. W. Morritt 





AN X-RAY SPECTROMETER, WITH WHICH WAVE 
LENGTHS ARE READ DIRECTLY ON AN 
ORDINARY MICROMETER SCREW 


By WARREN W. NICHOLAS 


A tangent-screw device for securing fine adjustment, over a small 
range, of the angle of the crystal table of an x-ray spectrometer has 
been described by Davis and Stempel.' A modification of their method 
results in an arrangement by means of which the wave length of the 
reflected x-rays may be read directly on the micrometer screw, and 
which is adaptable to a large range. 








<— 
‘ 





Fig. 1. Plan showing device for rotating crystal table of spectrometer. 


A schematic diagram of such a device is shown above. The axis of 
the crystal table is perpendicular to the plane of the paper and passes 
through the point a. The table is rotated by means of the arm a8 of 
length r. On the end of the arm is fastened a ball whose center is at the 
point 8. (The size of the ball is exaggerated in the drawing.) The ball 
bears against a plane surface CD which is perpendicular to the paper, 
and whose parallel displacement, p, from the position CD can be read 
on a micrometer screw. For the reference position, CD, the angle of 
incidence, @, is zero, and the micrometer screw reads zero. For any 
position C’D’, the distance p equals the perpendicular distance from 
8’ to a8. p/r is the sine of 0, and if r is the proper length, p will be 
numerically equal to 2d sin 6, the wave length for first order reflection. 


1 Davis and Stempel, Phys. Rev. 17, p. 608; 1921. 
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It is interesting to note that p may be determined by interferometer 
methods in terms of light waves, and thus the determination of the 
x-ray wave lengths may be made independent of inaccuracies of the 
screw. A further point of interest is that if, by a suitable arrangement 
of different metals, the arm is made to have an expansion coefficient 
greater than that of the screw and supports by an amount equal to the 
expansion coefficient of the space-lattice of the crystal, the x-ray wave 
length reading will be independent of temperature. 

This spectrometer is now being constructed, and a more detailed 
report will appear later. 

DEPARTMENT OF PuHysIcs, 


STANFORD UNIVERSITY. 
CALIFORNIA 


Two New Mercury Vapor Lamps.—The first type described is 
an alternating current lamp with two electrodes taking 2 kw. at 3000 
volts. the frequency being 50 and the arc length 60 cm. A 400 watt, 
high frequency model designed for optical and medical uses is also 
described. In these lamps the arc is maintained in the presence of an 
inert gas. 

The second type of lamp described is a direct current mercury arc 
in an atmosphere of argon at a pressure of 50 cm Hg. Automatic 
lighting is realized through expansion of the gas. The lamp may be 
shipped without the danger of breakage by the hammer action of the 
mercury so noticeable in vacuum lamps. 

The efficiency of these lamps is higher than that of the classical type. 
Spectrograms are given comparing the radiation with that of the ordi- 
nary mercury arc. The spectrum is said to be unaffected by the presence 
of the argon. In the extreme ultraviolet, especially, the number of 
lines, their width, and relative intensity, undergo interesting changes 
in the high frequency lamp. The new lamps are recommended for 
studies in photochemistry, fluorescence, and absorption in the ultra- 
violet. [Henri George, Revue d’Optique, 4, pp. 82-94; 1925.] 

G. W. Morritr 





THE VERGENCY EFFECT ON SPHERICAL ABERRATION 
AS A FUNCTION OF THE PARAMETERS IN CERTAIN 
CLASSES OF TELESCOPE OBJECTIVES 


By G. W. Morritr 


Conditions to be fulfilled in order that an optical system shall be 
free from spherical aberration for all positions of the object point on 
the axis have been stated and discussed by a number of writers on 
geometrical optics. For example, in what might be called the classical 
theory, it has been pointed out that a system of two infinitely thin 
lenses in contact must satisfy the condition, 


3m,+2 3n2+2 
: git “ g2=0, (1) 


mm 


if freedom from spherical aberration for all distances is to be obtained.’ 
This leads to the conclusion that with the glasses at our disposal, the 
curvatures of the surfaces would need to be very great in order to meet 
the requirement. 

On the other hand, H. D. Taylor? considers the question of vergency 
insensitiveness for a single lens and finds that the best form differs but 
little from that required for the elimination of coma. He also states 
that if the same reasoning be applied to the two-lens achromat, the 
coma-free form will be found to differ but little from the one necessary 
to give the least possible variation of spherical aberration as the object 
point is changed, and that there is not as much discrepancy between 
the two conditions as some writers have asserted. 

Thus the deductions of theory have led to conclusions somewhat at 
variance with each other, although, as will be pointed out later, these 
conclusions are not as contradictory as they seem. But they are not 
satisfactory because too many restricting assumptions were made in 
the derivation of the equations, and because the information offered 
is not sufficiently definite. A better grasp of the facts might be obtained 
by stating the problem more broadly and solving it for some particular 
type of optical system. Thus for example, one might investigate the 
"4 Principles and Methods of Geometrical Optics, J. P. C. Southall, p. 394. 


Die Theorie der Optischen Instrumente, M. von Rohr, p. 231. 
* A System of Applied Optics, p. 218. 
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nature of the vergency effect on spherical aberration as a function of 
the object distance in the crown-leading telescope objective (instead of 
attempting to make it zero or a minimum) and find how it is affected 
by changes in the parameters of the objective. It would probably 
be difficult to do this mathematically if all the parameters were taken 
into account, but it is a comparatively simple matter to do it empiri- 
cally. A few well-selected objectives can be calculated and the nature 
of the relationships determined from the results. It would then be 
possible to say which series, among the many existing ones for objectives 
so constituted and corrected, would show the least variation in spherical 
aberration as the object distance is reduced to comparatively small 
values. 

As no information was found in print on this question, other than 
that contained in references of the kind already mentioned, it was 
decided to study the matter a little, using the empirical method. For- 
tunately, the material collected in former studies of objective design’ 
was available for use in this problem. For the series already on hand 
it was merely necessary to trace rays for object distances of 2f and 4/ 
in order to determine the vergency effect on spherical aberration. 
Objectives having an equivalent focal length of 100, color correction 
for C and F, crown thickness 4.5, flint thickness 2.0, and adjusted for 
spherical aberration at h=7.0 with the object at infinity, were used 
throughout the study. 

The results obtained for the different members of the coma-free 
series did not differ much among themselves. Curve 1 in Fig. 1 is a 
mean curve for the entire series. At object distance 2f the spherical 
aberration of all members agreed with the curve within 0.1 of a unit. 
For practical purposes the curve may be accepted as representing the 
coma-free series with sufficient accuracy. It indicates that such objec- 
tives develop under-correction of spherical aberration as the object 
approaches the lens, the magnitude of this aberration becoming quite 
objectionable for short distances. On the other hand, it will be noticed 
that the change is small for the usual range of outdoor distances. 

Now, the coma-free series is only one among many series of achro- 
matic objectives corrected for spherical aberration with object at 
infinity, but differing from one another in the value of the coma residual. 
Since some data were already available on a representative objective of 


3 Moffitt, J.O.S.A. & R.S.I., 1/, pp. 147-168; 1925. 
Moffitt and Kaspereit, J.0.S.A. & R.S.1L. 1/, pp. 275-281; 1925. 
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the series that happens to be corrected for spherical aberration with 
either side facing an infinitely distant object, that one was taken next. 
It is a member of a series possessing considerable positive coma. Being 
corrected at object distances of infinity and f, one might think that it 
would also be good for intermediate object distances. The vergency 
effect on spherical aberration for this lens is shown in Curve 11 of Fig. 1. 
The lens is over-corrected for the intermediate distances—just the 
opposite of the coma-free series. It would be necessary to calculate 
other objectives in this reversible series in order to definitely determine 
whether Curve is representative of the whole series. But since 
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Fig. 1. The effect of vergency on spherical aberration in crown-leading cemented telescope 
objectives. Curve I.—The coma-free series. Curve 11.—Series corrected for spherical aberration 
with either side facing a distant object. Curve 111.—An intermediate series showing reduced 
vergency effect. 

Curve 1 was found to hold for the coma-free series it seems reasonably 
safe to make the same assumption regarding Curve 1. 

The fundamental difference between the lenses represented by Curves 
I and II is that in the latter any stated crown glass and Am ratio calls 
for a higher index in the flint glass. By interpolation a member of the 
series represented by Curve m1 was found and its residual aberrations 
determined. Here again we are probably justified in assuming that the 
curve is representative of the series. 

The curves of Fig. 1 show that it is possible to control the vergency 
effect on spherical aberration within limits. It will be noticed, however, 
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that all the curves are quite near the axis for object distances such a: 
are usually met with in outdoor work. Therefore in field glasses and the 
like the differences in the various objectives are relatively unimportant. 
But when an instrument is also to be used at shorter distances Curve 111 
has considerable advantage with reference to definition on the axis. It 
is plainly a matter of making a suitable choice of glasses and the proper 
form for the objective. These objectives would have a moderate amount 
of positive coma, which would need to be taken into account in the 
designing of the eyepiece if the best definition over an extended field 
of view is also desired in the instrument. Moreover, the possibility of 
adjusting compensation with the type of eyepiece to be used may con- 
trol, to some extent at least, the best position for Curve mm in any parti- 
cular case. 

All the objectives represented in Fig. 1 could be somewhat improved 
with respect to range of object distances for which the lenses would give 
satisfactory spherical aberration residuals, if the point selected for 
complete correction had not been taken at infinity but at some inter- 
mediate distance, depending on the maximum permissible value of the 
magnitude of the spherical aberration residual for the case in question. 

Now, in regard to the theoretical deductions referred to in the begin- 
ning a word will suffice. The condition expressed in Eq. (1), which 
states that zero spherical aberration for all object distances necessitates 
strong curvatures for the lens faces, may be correct for the limited and 
impractical set of conditions assumed in its derivation, but in reality 
(for lenses of real thickness), it is erroneous because the vergency effect 
curve is not a straight line. The spherical aberration cannot be elimi- 
nated for all distances. On the other hand it will be remembered that 
Taylor deduced his condition for minimum vergency effect in a teles- 
cope objective corrected for the distance, reaching the conclusion that 
the condition was almost met by the coma-free objective. In other 
words, and more precisely stated, he found the condition that makes the 
slope of the vergency effect curve equal to zero for object distance in- 
finity. He said nothing about the form of this curve. A glance at Curve 
1 of Fig. 1 reveals the fact that the tangent to the curve at object 
distance infinity is certainly not far from zero. Taylor’s result is, 
therefore, correct when properly interpreted. But obviously, his condi- 
tion would not be quite the best for an objective to be used over a wide 
range of object distances. 

Among the instruments in which these results find practical applica- 
tion may be mentioned the laboratory telescope. This instrument is 
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called upon to serve at almost any real object distance; and for that 
reason it would be best fitted to meet the demands made upon it if 
supplied with an objective of the kind giving a curve similar to Curve 
mr of Fig. 1. The axial correction would then be very good for all 
object distances from infinity up to, say, fifty centimeters for a teles- 
cope of ordinary dimensions. 

In general, the matter is one that may well receive attention, not 
only in the designing of telescope objectives, but also of any compound 
system containing one or more cemented pairs for which the vergency 
may assume various and widely different magnitudes. 

FRANKFORD ARSENAL, 


PHILADELPHIA Pa. 
Aucust 3, 1925. 
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Precision Refractometer for Liquids.—With this instrument the 
limiting angle of refraction, for a ray introduced into the liquid at the 
grazing angle, is measured. But instead of receiving the emergent light 
in a telescope placed in the prolongation of the ray, a platinized right 
angled prism is placed on the axis of the telescope which stands with 
axis vertical, and with prism dipping into the liquid. Settings are made 
by turning the telescope about its vertical axis. This arrangement 
permits the use of a very small cell for the liquid, and makes it con- 
venient to apply a small electric heater for temperature control. A 
gain in precision is claimed because zero point error determinations 
are eliminated, readings being taken on the right and on the left thereby 
measuring twice the critical angle. [M. A. Lafay; Revue d’Optique, 4, 
pp. 24-27; 1925 ! 

G. W. Morritt 


Monochromatic Illuminator for the Ultraviolet, the Visible, 
and the Near Infrared.—The dispersing system consists of two 
30° prisms of quartz, one right-handed and the other left-handed. One 
of these prisms is associated with each tube, the side facing the lens 
being perpendicular to the axis of the. tube. One part of the apparatus 
remains stationary while the other part revolves about a symmetrical 
vertical axis, as in an ordinary spectrometer. The instrument gives 
high illumination, having proved useful in determining refractive 
indices in the invisible spectrum and in obtaining energy distribution 
curves. The author points out that the change in focus due to the 
chromatic aberration of the quartz lenses is practically proportional 
to the relative rotation of the parts of the apparatus. He suggests 
means for rendering the focusing automatic. |G. Athanasiu, Revue 
d’Optique, 4, pp. 65-81; 1925.] 

G. W. Morritt 


Application of Shadow Fringes to the Study of Deformations 
in Mica.—lIf a plane grating of suitable spacing be held near to, and 
at a suitable small angle with, a diffusely reflecting plane, and if the il. 
lumination be froma distant small source, a system of fringes will be seen. 
Whenever the source of light or the eye is moved these fringes change 
position as do those seen on such materials as watered silk. If the 
diffusing surface is not plane the fringes take on a curved or distorted 
form, depending on the nature of the deformation. The deformations 
of disks of mica clamped at the circumference and subjected to normal 
pressure at the center were studied. The mica was covered with 
magnesium to render it diffusing. Paper disks were also tried. Photo- 
graphs of the fringes are shown. [Marcel Mulot, Revue d’Optique, 4, 
pp. 252-259; 1925.] 

G. W. Morritt 





RELATIONS INVOLVING INTERNAL PRESSURE, 
INTENSITY, MERCURY TRANSFER, CROSS- 
SECTION, AND ELECTRICAL CONDITIONS 

IN MERCURY VAPOR LAMPS 


By GEORGE SHANNON FORBES AND PuiItip ALBERT LEIGHTON 


ABSTRACT 


Internal pressure was measured in two special quartz mercury arcs developed in previous 
investigations. Numerous curves present the data. Pressure is a function of cross-section, 
voltage gradient, and current only, and independent of arc length and the mode of cooling. 
Above two atmospheres pressure increases about 140 mm for unit change in voltage gradient, 
irrespective of other variables. In the constricted arc, 2 mm in diameter, where the cooler 
absorbing vapor shell is very thin, intensity at given current strength is quite closely propor- 
tional to pressure from a few millimeters up to five atmospheres. 

With the addition of thermocouple inlets at the mercury surfaces and calibrated measuring 
tubes, mercury transfer for equal electrode temperatures was measured in the 9 mm arc. 
The relations are little changed when the cathode is at least 20° to 40° hotter than the anode. 
Apparently zero at the lowest pressures and voltage gradients, it rises to five gram atoms per 
faraday from anode to cathode at 5 volts/cm and remains nearly constant up to 25 volts/cm. 
Current strength is of secondary importance. These conclusions are amply demonstrated by 
curves, The relative importance of the electron current and the positive ion current under 
the various conditions studied is briefly discussed. 


Certain researches'** upon mercury vapor lamps raised interesting 
questions concerning their internal characteristics, especially at high 
pressures. 


Our apparatus for measuring internal pressure and mercury transfer 
is shown in Fig. 1. The inverted U of quartz, A, 9 mm in internal 
diameter, with trap, had been used in previous work.'! It was now 
suitably pieced out with quartz tubing, additional sections being added 
still later to double the arc length. At the same time, the thermocouple 
inlets were provided at B. The water jackets C were movable vertically 
through 10 cm, and provided for circulation of water up to any desired 
level. Beyond the joints D, the apparatus was of Pyrex glass. These 
joints, sealed with de Khotinsky cement and wrapped with adhesive 
tape, withstood over two and a half atmospheres excess of internal 
pressure. The tungsten leads were sealed in at E. The horizontal 


1 Harrison and Forbes, This Journal /0, p. 1; 1925. 
* Forbes and Harrison, Ibid. /0, p. 99; 1925. 
* Forbes and Harrison, J.A.C.S. 47, p. 2449; 1925. 
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measuring tubes M, 250 cm in length and three millimeters internal 
diameter, were bent double and connected by a suitable system of 
stopcocks to a mercury manometer, vacuum, and a pressure system 
(not shown). The lamp, carefully cleaned and dried, was filled with 
mercury distilled in a current of air, and boiled out as previously 
described. The lamp proper was enclosed in a box with suitable pro- 
vision for ventilation into a flue. It was fed from a 550 volt generator; 














E 


Fic. 1. Mercury vapor lamp for measurement of pressure and mercury transfer. 


suitable rheostats, inductance, also voltmeter and ammeter of standard 
types were provided. The tubes M stood upon millimeter scales, G. 
A real image of the luminous column in A, three times magnified, fell 
upon another millimeter scale upon which its position could be accu- 
rately recorded. All three scales were calibrated by weighing mercury 
run out between given points. The iron-constantan junctions, soldered 
with silver solder, were suitably packed with asbestos at their exits; 
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the terminals, at constant temperature, were connected with a galvan- 
ometer of low sensitivity which operated with a lamp and a scale 
calibrated with the junction at known temperatures. Details regarding 
the operation of the lamp proper have been previously published.' 
For present purposes, a higher degree of stability was essential, and 
much care was devoted to regulation of resistance, pressure, air and 
water cooling, upon which the electrical conditions depended. 


4000, 








10 20° 30 40 50 60 
Volts per Cm 
Fic. 2. Curves show the relation between pressure and voltage gradient. The upper group is for 
the 9 mm arc and the lower group for the 2mm arc. The current strengths are given. 


INTERNAL PRESSURE AND INTENSITY 


Kiich and Retchinsky‘* measured over twenty internal pressures in a 
mercury arc 12 mm in diameter. Between 3 and 18 volts/cm, pressure 
rose from 38 to 1500 mm, the current varying between 4.10 and 5.05 
amperes. They offered no quantitative correlation between pressure 
and other variables. Six pressure measurements between 3 and 7 mm 
are recorded by Perot.’ Giinther-Schultze® gives eleven readings in the 
range 0.003 to 13.5 mm, comparing them with data on dissociation and 


* Kiich and Retchinsky, Ann. der Physik, 20, p. 563; 1906. 
* Perot, J. Phys. (5) J, p. 609; 1911. 
* Giinther-Schulze, Z. Physik. //, p. 260;-1922. 





56 G. S. Forses anp P. A. Leicuton [J.O.S.A. & R.S.I., 12 


temperature. Langmuir’ determined the electronic velocities in the 
positive column between 1 and 33 bars. We know of no attempts to 
find quantitative relations between pressures and light intensities in 
the mercury arc. 

Figs. 2 and 3 summarize our data on pressure, cross section and 
electrical conditions. Those for the constricted arc had been previously 
obtained in connection with a research by Forbes and Harrison,’ but 
not published in detail. We are grateful to Dr. George R. Harrison, 
National Research Fellow, for his consent to their publication in this 
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Fic. 3. Shows pressure at a fixed current strength (2 amperes) as a function of voltage gradien' 
only. Circles, 15 cm arc length, cathode hotter ; squares, 37 cm arc, cathode hotter ; triangles, 37 cm 
arc length, equal temperatures; crosses, 15 cm arc length, anode hottcr; dots, miscellaneous com- 
binations. All data are for the 9 mm arc. 





anal. 





place. The data given for the 9 mm arc were obtained during the 
present research. Twelve volts are subtracted from the lamp voltage 
to correct for the terminal drop. Plots of pressure against variable 
current at constant voltage could be constructed from these curves. 
The following general conclusions are drawn from our observations: 

(1) Pressure is a function of cross section, voltage gradient and 
current only. For instance, all points for a current strength of 2 amperes 
lie on a smooth curve (Fig. 3), no matter whether cathode temperature 


7 Langmuir, J. Franklin Inst., 196, p. 751; 1923. See also Langmuir and Mott-Smith, 
Gen. Elec. Rev., 27, p. 449, 538, 616, 762, 810; 1924. 
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t, was higher than, lower than or equal to anode temperature /,, or 
whether the arc length was 15 or 37 cm. 

(2) In spite of wide differences in cross section and current strength, 
all curves become nearly parallel above two atmospheres, the pressure 
changing about 140 mm for unit change in voltage gradient (Fig. 2). 

(3) For a given lamp at constant voltage p=k log current, very 
roughly. 

Yoo 








2000 3000 
Pressure in Mm 
Fic. 4. Curves show linear relation between galoanometer deflections and pressure for single 


lines at fixed current strength. Dots, 2 mm arc, 1.00 ampere; crosses, 8 mm arc, 2.00 amperes; 
circles, 2 mm arc, 0.33 ampere. 


(4) At low voltage gradients, the ratio of pressure to cross section 
for a given current strength is nearly the same for both arcs, but at 
higher voltage gradients, the ratio is greater for the constricted arc. 

(5) If there had been in our apparatus an ‘anode pressure,”’ such 
as has been reported by various investigators, *.*.7-5-!° much more than 


5 Hamburger, Proc. Acad. Sci. Amsterdam, 25, p. 1045; 1917. 
Skaupy, Verh. Deut. Phys. Ges., 19, p. 264; 1917. 
Riittenauer, Z. Physik, 2, p. 213; 1922. 
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one millimeter, it would have been noted, as the free surfaces in the 
measuring tubes were under the same pressure on opening the pinch- 
cock. 

In Fig. 4, galvanometer deflections for the maxima of single lines 
measured in the previous researches are plotted against internal pres- 
sures. These curves present only one sixth of our data, but are con- 
sistent with all the rest. In the case of the constricted arc each point 
represents simultaneous readings of deflections and pressures; data for 
six pairs of runs with 0.33 ampere and nearly equal voltages were aver- 
aged before plotting. The pressures for the 9 mm arc are interpolated 
from Fig. 2 for the electrical conditions under which the deflections had 
been recorded. The continuous background was subtracted in all cases. 
Deflections are not proportional to the actual intensities of different 
lines. But it is obvious that for any given line and current strength, 
the intensity at the maximum, even with \2537, is quite closely pro- 
portional to the pressure, the slopes and intercepts varying with wave 
length and with the internal diameter of the lamp. This relation holds 
for the constricted arc, which has little absorbing “shell,” from a few 
millimeters up to five atmospheres. It is to some extent empirical, and 
due to partial balancing out of superposed effects, such as the com- 
plexity of the maxima and the broadening of lines with increasing 
pressure. Kiich and Retchinsky,‘ also Pfliiger,® have discussed at length 
the possible application of Kirchhoff’s law to the luminous column, 
and the effect of changing absorption upon the emission by lines in 
various series. Upon increasing the power input they observed changes 
in the relative emission by various lines, which we cannot correlate with 
our own data. It will be noted that in the 9 mm arc at high pressures, 
intensity grows less rapidly than pressure, an effect which we refer to 
the shell of absorbing vapor, some 3 mm thick. 


MERCURY TRANSFER 


Wehnelt and Franck" found in several gases at low pressures an 
electrical transference one fourth that required by Faraday’s law. 
Perot® recorded one measurement of change in mercury level in an 
inverted U upon passage of a known current. Calculating that 83 
grams were transferred per faraday, he concluded that all the current 
was carried by univalent mercury ions. Matthies," however, immersing 
a somewhat similar lamp in water, found no transfer at all, and declared 

* Pfliiger, Ann. der Physik, 26, p. 789; 1908. 


1° Wehnelt and Franck, Verh. Deut. Phys. Ges./2, p. 444; 1910. 
11 Matthies, Ann. der Phys., 37, p. 721; 1912. 
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that the mercury arc operates on a unipolar electronic current. We 
know of no investigations of mercury transfer except at very low pres- 
sures. From observed energy relationships, Giinther-Schulze” came 
independently to a conclusion like Perot’s' but more recently apportions 
half to electrons and half to positive ions, while Schottky” gives the 
ions eighty per cent. Langmuir’ figured his positive ion current at 
from 1/340 to 1/605 of the electron current density. 

The calibration of our measuring tubes M and of the quartz U near 
B has been described above. When beginning an experiment, a line 
tangent to each free mercury surface was established upon the corre- 
sponding scale, the time being noted to seconds. The pinchcock F 
checked oscillations when closed, but when the meniscus im the lamp 
had moved a millimeter or so, F was opened, and the meniscus forced 
back to its original position. Of course, lamp voltage, arc length, 
current, pressure; and in the later experiments temperature by thermo- 
couple, were followed and recorded. After sufficient transfer, the 
mercury surfaces in the lamp being, if possible, tangent to the original 
lines, time and the four scale readings were again recorded. Other 
variables being the same, mercury transfer was unaffected by substi- 
tution of air cooling of the columns for water cooling of the electrodes, 
and by change in arc length from 15 mm to 37 mm. To neutralize 
asymmetry, the poles of the lamp were often reversed between succes- 
sive experiments. From the scale readings and the calibration data, 
we calculated R, the ratio between gram atoms of mercury transferred 
from anode to cathode and faradays passing through the lamp. Data 
for a typical experiment follow (Table 1). 


TABLE 1 











Scale reading 
Time in capillaries Lamp | Current Manometer Bar=757 


la —— 





hms voltage} Amperes i 
Cathode | Anode Left | Right | 757-P 





3:03:10 | 62.4cm/34.3 em) 262 3.00 166 | 165 | 276mm | 800mm} 233mm 
3:11:45 | 53.1 22.1 268 3.00 166 | 165 | 288 795 250 
8:35 | 9.3 12.2 265 3.00 166 | 165 | 282 797 242 


Terminal drop 12 Correction for difference in 13 
level inside and outside lamp 
253 Internal Pressure 
Arcength=37.2cm  Volts/cm=6.8 
Time = 515 seconds Coulombs = 1545 
































# Giinther-Schulze, Z. Physik, 11, p. 75; 1922. 31, p. 509; 1925. 
4 Schottky and Issendorf, Z. Physik, 26, p. 85; 1924. 
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1545 
Gram atoms of mercury per centimeter of cathode capillary 0.00850 0.079+ 9650 =4.93 


a - o os 


transferred - 52 0.079 
a 
per centimeter of anode ° 0.00673 0.082 + — ‘rie 


& “w us 


be oe we 


transferred ¢ ° 0.082 5.02 














me we Se 


da dc 
Fic. 5 and Fic. 6 show variations in gram atoms transferred from anode to cathode per faraday 


tor various distances between the respective electrodes and the water in the jackets 

The pioneer worker Arons™ found both his electrodes ‘“‘below 100” 
and the hottest zone just above the anode. Matthies" asserted that 
mercury transfer can occur only by purely thermal process, pointing 
out that he could reverse transfer by changes in the cooling above the 
electrodes. Our lamp was much too hot to allow condensation on the 
walls. Figs. 5 and 6 give R when the anode protruded d, cm and the 
cathode d. cm above the water in their respective jackets. It will be 


4 Arons, Ann. der Physik, 58, p. 73; 1896. 
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noted how much more sensitive is R to cathodic cooling: The isolated 
points represent equal thermocouple temperatures. Table 2 gives the 
conditions in five experiments for which R=0 over a considerable 











257 
297 
; 4 | | 323 
> wo ie 2 3.5 | | ; ; SO | 348 








nnouwn~s 





time. Owing to the shallowness of the inlets B, and the conduction and 
radiation in thermocouples and mercury alike, ¢, and ¢, as observed 
were considerably under the true surface temperatures, but the defi- 
ciency must have been greater at the cathode. The same is true of the 
vapor pressures P, and P, interpolated for ¢, and ¢,. The “hot spot”’ 
on the cathode precludes a uniform temperature or vapor pressure on 
its surface. P is the internal pressure by manometer and (P —P,) and 
(P—P.) give an idea, considerably exaggerated, of the kinetic effects 
involved. 


TABLE 3 


er & | P, 
125 | 125 

145 | 145 
| 175 | 175 

190 | 190 


TABLE 








a a a | P - 
ae I a 
110 | 145 | 0.: | 51 | 236 
140 | 170. | | | 185 | 287 


157 | 185 | | 353 | 317 | 


R 


160 | 183 | 380 | 321 
185 | 205 10 ; 20 | 680 | 351 


3.8 
4.5 
4.7 
4.8 
4.9 





Four experiments in which /, =¢,. are recorded in Table 3 and repre- 
sented by dotted lines in Fig. 7. Five experiments in which the elec- 
trodes protruded equal distances above the water are recorded in Table 
4 and represented in Fig. 7 by full lines, nearly parallel to the dotted 
lines. It is an indisputable fact that mercury now migrates against 
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considerable temperature gradients, but R is lower by less than one 
unit. The descending portions of curves at the right were observed 
with boiling cathodes,—further evidence of migration to the hotter 
electrode. The dot-dash line at the top of Fig. 7 corresponds to an 
anode hotter than the cathode and to abnormally high values of R. 

Extrapolation of our curves to the lowest voltage gradients and 
pressures indicates a minimal mercury transfer, and an insignificant 
réle for positive ions as Matthies," and Langmuir’ and others have 
previously found. As voltage gradient and pressure increase, the 
positive ion current appears to gain on the electron current, as would 
be expected from kinetic considerations. At 5 volts/cm, R has reached 








5 10 15 20° 3% 
Volts per Cm 
Fic. 7. Shows relation between mercury transfer and current strength. Full lines, equal cooling, 
cathode somewhat hotter ; dash lines, equal electrode temperatures ; dot-dash line, hotter anode. 


five, approximately, almost irrespective of current strength, and 
remains near that value up to a voltage gradient of 25 volts/cm, and a 
pressure well over 3 atmospheres. The energy at the maximum of the 
principal spectrum lines and the pressure maintain a linear relation to 
voltage gradient between 5 and 25 volts/cm; also the diameter of the 
brilliant “thread” is very nearly constant. 

Owing to the great difficulties of controlling and comparing electrode 
temperatures in the constricted arc, no attempt was made to measure 
Rin it. At atmospheric pressure and large current densities, the trans- 
fer appeared less than at high pressures and small current densities. 

We cannot estimate from our data concentration, average mass, or 
charge of positive ions or the fraction of total current carried by them. 
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The existence of diatomic mercury in the vapor phase is well established 
by Koernicke” as well as earlier workers. Harrison’ has recently 
adduced additional evidence for a similar condition in sodium vapor. 
The propulsion of neutral atoms toward the cathode by elastic colli- 
sions with positive ions, like Perot’s* mechanism may be of importance. 
The kinetic picture developed by Tate'’ might be elaborated to explain 
our results. 

We are greatly indebted to Professor Theodore Lyman for placing 
at our disposal the facilities of the Jefferson Physical Laboratory; 
also to the Cyrus M. Warren Fund and to the Rumford Fund of the 
American Academy of Arts and Sciences for grants covering the cost 
of the mercury vapor lamps. 


CHEMICAL LABORATORY OF HARVARD UNIVERSITY, 
CAMBRIDGE, Mass. 
SerpTeMBER 2, 1925. 


% Koernicke, Z. Physik, 33, p. 219; 1925, with summary of previous work. 
* Harrison, Phys. Rev. 2#, p. 466; 1924. 
” Tate, Phys. Rev., 23, p. 293; 1924. 
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Results of Impacts of Electrons against Hydrogen Molecules. 
—These experiments, in which the ¢/m ratio of the ions produced by 
electrons driven into hydrogen is measured by admitting some of them 
into a second chamber and deflecting them by a magnetic field, 
strengthen the evidence that the ions produced by electron impacts 
are all H, molecules deprived of a single electron; the H;+ and H,* ions 
result from collisions of H,+ ions with other molecules of gas. The 
chief reason for believing this is that as the opportunity for collisions 
is decreased by reducing the density of the gas, the H,+ ions become 
relatively more abundant, while the percentage of ions of each of the 
other types sinks continuously toward zero, as appears very distinctly 
from the curves presented. It is interesting that H* ions are relatively 
more abundant when the hydrogen is mixed with an excess of helium, 
as though collisions between He atoms and H;* ions favored the 
dissociation of these latter; and that there is evidence for HeH*+ and 
HeH;* ions. The electron-energy just sufficient to bring about ioniza- 
tion is estimated as 16.0 volts. The meanings of the wild variety of 
critical voltages, discovered by a number of investigators working 
upon hydrogen, remain obscure.—|T. R. Hogness and E. Glunn, Califor- 
nia; Phys. Rev. 26, pp. 44-45; 1925.) 


Kart K. Darrow 


Observations on Crystal Detectors.—These observations yield 


results which are unusually simple and suggestive for this field, in which 
data are ordinarily very confusing; but they are restricted to only one 
substance, galena. Using a crystal of galena, with a metal contact- 
point, Cayrel found that the rectification depended on the face of the 
crystal against which the contact-point was pressed, being pronounced 
for a 111 face of the crystal, very feeble (and usually in the inverse 
sense) for a 100 face. It is perhaps significant that the atom layers 
parallel to the 111 face contain atoms of only one element, alternately 
Pb and S. If the a.c. sent through the crystal is raised to such a strength 
that the contact-point grows hot the rectification at it ceases; if the 
other (supposedly very good) contact is slightly loose, rectification 
in the opposite sense occurs there and becomes perceptible when the 
rectification at the point-contact ceases. This explains certain phenom- 
ena observed with complexes of small crystals —{J. Cayrel; C. R. 180, 
pp. 1728-1731; 1925.] 


Kari K. Darrow 





A NEW INTENSIMETER FOR ULTRAVIOLET RAYS 


By A. GYEMANT 


The following is a description of a new method of measuring the 
intensity of ultraviolet radiation by measuring photometrically the 
intensity (brightness) of visible fluorescent radiation produced, in 
certain substances, by ultraviolet light. 

Since fluorescent radiation comes from a surface layer of finite thick- 
ness, it is obvious that the brightness of the fluorescing surface will 
depend on the concentration of the active molecules. We may take 
as a measure of the concentration, c, the ratio of the volume of the active 
molecules to the total volume of the fluorescent material. Thus a pure 
fluorescent substance has concentration 1; a mixture which contains 50 
per cent of active material and 50 per cent of inactive “‘filler” has con- 
centration 0.5. The chemical composition of the filler is unimportant 
so long as it is suitably adapted to the active substance as regards 
density, consistency, and optical behavior. 

If f represents the brightness of the undiluted fluorescent substance, 


then the brightness F of a mixture of concentration c should be given 
by 


F=c:f (1) 


It is obvious that f depends on the chemical composition of the active 
substance and on the nature of the incident ultraviolet light and that 
the brightness F is proportional toc. For a given fluorescing substance 
f depends only on the incident radiation. If we are dealing with an 
incident radiation of fixed composition, then, at least over a certain 
range of intensities, as has often been observed, f is proportional to the 
intensity I of the incident radiation. That is 


f=k-I (2) 


where k is a constant, unless J exceeds a certain maximum. When 7 
becomes very large all the active molecules are excited, and k becomes 
smaller. We may say that the luminous material is then in a “‘satu- 
urated”’ state. 

The factor k varies greatly with the quality of the exciting radiation. 
If we wish to measure the intensity of only a certain part of the spec- 
trum, we must choose a substance which can be excited only by this 
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part. For other parts k must be small. We shall see below that ther 
are other ways of reducing the sensitiveness of the apparatus to certain 
spectral regions. 


The method is easily described. By combining Eqs. (1) and (2) we 
have 


F=k-c:l (3) 
Suppose we wish to measure an unknown intensity 7 in terms of an 
arbitrarily chosen intensity Jo, taken as a unit. Let us designate by F, 


the brightness of the undiluted fluorescent substance when irradiated 
by Jo. Then 


Fo= kl 


We now determine a concentration ¢ which, by irridiation by J, gives 
the same brightness, Fo. Then obviously 


Fomk: cl 


from which it follows that 


1 
c 


That is, in terms of J» as unit intensity, the intensity J is given by the 
reciprocal of the concentration. 

The following is a description of the apparatus. It is first necessary 
to select a suitable fluorescent substance. Of the various materials 
available, anthracene seems most suitable. It is excited especially by 
the spectral region .320—.370y, and gives a fluorescent spectrum in the 
blue green between .430 and 530y. The filler with which one prepares 
the surfaces of different concentrations must have nearly the same 
specific gravity as the anthracene; must of course be non-fluorescent; 
and must be easily miscable with the finely powdered anthracene. Talc 
is a suitable material. Only small traces of cement, or binder, are per- 
missible in order to avoid noticeable absorption of the ultraviolet. 

If one wishes to measure the ultraviolet component of sources which 
contain visible radiation, such as the quartz mercury vapor lamp, it is 
necessary to eliminate the visible rays, since these rays both cause 
fluorescence and are directly reflected from the fluorescent screen. This 
can be accomplished by suitable filters, as follows. Since the fluorescent 
light is green, a green filter between the fluorescent screen and the eye 
will eliminate the red components of the quartz lamp. To eliminate 
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the effect of the green and blue components of the lamp, which increase 
the brightness of the fluorescent screen both by direct reflection and by 
causing fluorescence, one puts a red filter between the source and the 
screen, this red filter being so chosen as to pass the ultraviolet, but to 
absorb the blue and the green. Suitable dyes for this purpose are 
occasionally described in the literature. Such a pair of filters makes it 
possible to select the wave length to be measured. However, the density 
of these filters is important. If they are too dense, the ultraviolet and 
fluorescent rays become too feeble to be observed. If they are too 
transparent, the elimination of the primary rays is incomplete. One 
must choose a middle concentration. 

The standard brightness, Jo, is produced by using a screen of zinc 
sulphide containing a small but constant quantity of radium salt. 





Ll 
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Fic. 1. Showing the arrangement of the ultraviolet intensimeter. 


This material gives a brightness which lasts about ten years. Anthra- 
cene would be preferable to zinc sulphide, since the two surfaces to be 
compared would then have the same color, but anthracene does not 
fluoresce to radioactive preparations. 

The apparatus is shown in the accompanying figure. A cylindrical 
box a is fitted with an ocular tube k, within which is a second tube } 
turnable within & and carrying on its inner end a circular plate / on 
which are mounted eight anthracene screens c, of different concentra- 
tions, in the form of sectors. Light from the quartz lamp 7 passes the 
red filter e, excites the anthracene screen and is reflected by the mirror 
d directly into the ocular. A shutter / permits the screens to be exposed 
to light only during the measurements. 

The inner end of the tube b is covered by the green filter f, in the 
center of which, on the side toward the eye is the standard radioactive 





68 A. GYEMANT [J.0.S.A. & R.S.L., 12 


surface g. Therefore one sees in the middle of the field the circul:r 
standard screen g, surrounded by the image of the anthracene screen c 
as reflected from the mirror d. By turning 6, one changes the screen c 
until the outer ring becomes as bright as the inner circle. The reciproca!| 
of the concentration of the screen c which gives this photometric match 
is indicated on the outside of the tube, and gives, in terms of Io, the 
intensity of the ultraviolet components of the quartz lamp, taking into 
account, of course, the distance between i and c. 

The following is a test of the apparatus. The eight screens c had the 
following concentrations: 
screen 1 2 3 4 5 6 7 8 
concentration 0.225 0.150 0.100 0.066 0.044 0.029 0.020 0.013 
The ratio of two adjacent concentrations is constant and equal to 3:2. 
Two measurements were made with the same lamp at distances of 
2 and 1 meters respectively, corresponding to an intensity ratio of 1:4. 
At the distance of 2 meters the standard agreed with screen 3; at one 
meter with screen 7. The intensity ratios, as given by the reciprocal 
of the concentrations of the screens are 1:5, which agrees well with the 
theoretical ratio. 


BERLIN, CHARLOTTENBURG, 9 
SCHWARZBURGALLEE, 3, GERMANY. 





THE MEASUREMENT OF SMALL CAPACITIES 
By J. C. JENsEN 


The advent of radio has brought into our laboratories a miscellaneous 
assortment of condensers, fixed and variable, most of which have 
capacities ranging from .0001 to .005 mf. Itis often necessary to know 
the capacities of these units with a good degree of accuracy but the old 
comparison methods of Gott and of Thomson or the ballistic method 
of calibration against a standard cell are not satisfactory for such 
small condensers. The wave-meter resonance method is the one com- 
monly used in the radio laboratory but one employing steady potentials 
is often more convenient and, for some purposes, desirable. 


Lye 


Fic. 1. Condenser discharge circuit 


In the accompanying figure, G is a good ballistic galvanometer such 
as the Leeds & Northrup Type HB, C,, a standard condenser of .05 or 
.1 mf, C, the condenser to be tested and K, and K, three-point dis- 
charge keys. A battery potential, B, is so chosen that C, will be charged 
sufficiently to obtain a galvanometer deflection of 15 cm or more. 
With Kz open, charge C, and discharge through the galvanometer in 
the usual way. Then 


Q:=CiVi= Kd, (1) 
where K is the galvanometer constant and d;, the first throw, corrected 


for damping. Then let C, be again charged to a potential V, and with 
K, in the insulate position connect C, in parallel with C;. Then 


(Ci+C2)V2=CiVi1. 
Next discharge C,. The potential left on C; will be 
CV; 
” CxO 
69 
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Repeat the process, C; again sharing its charge with C3. 
CV; 


PhS 1 ai . 
3 (i4c,? ’ after two discharges; 


. CV; 
I "Gacy , after three discharges; 


; Cy'V; 
and J “—c +c)" » after (n—1) discharges. 
1 2 


Finally discharge C, through the galvanometer; 


C,C,*"'V; Ci"V, 
= = Kd, 


0, =C,V, = 
(Ci+C,)""! (Ci+C2)"" 





Divide (1) by (2) 
CiV, Kd, 





’ 


C,"V; Kd, 
(CitC2)"" 


from which 


dy 
C2=C; = —C;. 
d, 


The value of m required will depend on the relative sizes of the two 
condensers and the sensitivity of the galvanometer. The method has 
been found to give consistent results for such work as the calibrating 
of a 43-plate variable condenser or finding the grid-plate capacity of a 
UV203 tube. Dr. T. T. Smith of the University of Nebraska has 
adapted a similar scheme to Thomson’s method of mixtures. 


DEPARTMENT OF PHysIcs, 
NEBRASKA WESLEYAN UNIVERSITY, 
Unrversity PLAce, NEBRASKA. 





THE MEASUREMENT OF IMPEDANCES WITH THE 
VACUUM TUBE VOLTMETER 


By A. L. Fires 


When the difference of potential across a condenser is read from 
a low impedance voltmeter placed in parallel with the condenser, the 
reading is not the difference of potential across the condenser with the 
voltmeter removed. This is due to the fact that the impedance of 
the parallel circuit of condenser and voltmeter is not that of the con- 
denser alone. It will be seen that the error decreases as.the impedance 
of the voltmeter increases. Unfortunately, alternating current volt- 
meters are not available which have a high impedance combined with 
high sensitivity. However, this may be overcome by using the vacuum 
tube voltmeter arrangement described below and discussed by van der 
Bijl in his ““Thermionic Vacuum Tubes.” 

It is well known that the current from the plate to the filament in all 
good vacuum tubes is a function of the plate potential, the grid poten- 
tial and the amplifying constant of the tube. This is expressed 


I=f(Es+uE,) 


If for Eg an alternating potential is applied between the plate and 
filament, current will flow on the half cycle when the plate is positive 
to the filament unless the grid potential is sufficiently negative to make 
E,+wuE, zero or negative. If one so adjusts E, that the plate current 
is just reduced to zero the maximum difference of potential between 
the plate and the filament is then equal to the product of the grid 
potential and the amplifying constant of the tube. Since the current 
flowing from the plate to the filament is zero under these conditions 
the impedance of the tube is infinite. The introduction of such a circuit 
across the condenser does not therefore affect the impedance of the 
circuit except by the introduction of the very small capacity of the tube 
which may be neglected in most cases. 

In the circuit shown below V is a direct current voltmeter and A 
is a sensitive current indicating device as a microammeter or a gal- 
vanometer. The grid battery is placed across a high resistance potenti- 
ometer rheostat, as shown, with the negative terminal connected to 
the grid of the tube. R should be a noninductive resistance approxi- 
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mately equal to the impedance of the condenser to be measured. If R 
is adjustable to exact equality with the condenser impedance, the 
computations are somewhat simplified. With both switches thrown 
down, the difference of potential across the condenser is placed between 
the plate and filament of the tube. The rheostat slider should then be 
adjusted until the current indicated by A is just reduced to zero and 
V read. This reading is then the maximum difference of potential 
across the condenser divided by the amplifying constant of the tube. 
If the left hand switch is thrown up and the right hand switch down 
the difference of potential across the ac supply is placed between the 
plate and filament. If the rheostat is then adjusted until the current 
as indicated by A becomes zero, the maximum difference of potential 














bol 





nn bo— 


Frc. 1. Vacuum tube volimeter. 








across the supply will be measured as the product of the voltmeter 
reading and the amplifying constant of the tube. If both switches are 
thrown up the difference of potential across the resistance is placed 
between the plate and filament and when the rheostat is adjusted to 
reduce the plate current to zero the voltmeter reading will be the maxi- 
mum difference of potential across the resistance divided by the ampli- 
fying constant of the tube. 

Since the introduction of the vacuum tube across parts of the circuit 
did not affect the impedances, the current through these impedances 
was not affected and the same current flowed through the condenser 
and resistance. If the alternating current potential is sinusoidal, the 
maximum difference of potential across an impedance is equal to the 
product of the current flowing and the impedance multiplied by the 
square root of two. Thus 
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J/2ZI1=E 


where Z is written for the impedance with the current J flowing through 
it and E is the maximum difference of potential across the impedance. 
In each case measured above this E was found to be equal to the volt- 
meter reading multiplied by the amplifying constant of the tube. Then 


J/2RI =pE’ 


V2I ie 
2nfC 


v? 


B 


V2Z1 =yE 


where R is written for the resistance in the box when the grid potential 
is E’, f is the frequency of the alternating current supply, C is the 
capacity of the condenser when E” is the grid potential, Z is the 
combined impedance of condenser and resistance with E the grid 


potential. From these equations 
E’ 1 
E” 2xfR 


The data shown below were taken with a 2000 ohm coil in series with 
the capacities given, across the lighting circuit. 








E E’ E” | C computed | (E’)?+(E’’)? 





30 volts 18volts | 24 volts 0.993 mfd 
. aaa 24.5 ’ | 0.878 
15.5 25 8 0.82 
14.8 27 ’ 0.73 
28.5 ‘ 0.57 








UNIVERSITY OF MAINE, 
Orono, MAINE. 
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Notes On the Calculation of Triple Aplanatic Objectives 
having Equal Internal Curvatures.—The form of triple cemented 
objective having equal internal curvatures presents the simplest 
general solution of the problem of designing an objective composed of 
two glasses and corrected for spherical aberration and coma for a given 
magnification. In the formulas here developed, those terms depending 
on the magnification and those depending only on the glasses have been 
separated, thus permitting the simplification of the calculations when ¥ 
using the same stock of glass for the objectives of different instruments. J 
In general, an objective having equal internal curvatures and con- 
structed of p lenses of p kinds of glass, and in which the powers have 
been apportioned by those conditions that do not involve the lens forms, 
—such as achromatism, curvature of field, etc.—is completely deter- 
mined by the equation for the elimination of coma. It would generally 
show spherical aberration. In order to correct for this aberration it is 
necessary to take out one of the lenses and put in two others of the 
same glass having the same curvature sum, thereby introducing another 
parameter with which the correction may be made.- [H. L. Tardy, 
Revue d’Optique, 4, pp. 305-310; 1925.] 

G. ... Morritr 


Neon Lamp Stroboscope.—The frequency of the current pulses 
to a neon lamp is controlled by the vibrations of an electrically main- 


tained string, the tension on which may be varied at will to change the 
frequency. The neon lamp is protected by a suitable housing, the whole 
being attached to a lampcord and used like a hand lamp about machin- 
ery, and at a distance from the vibrator. The frequency may be varied 
from 12 to 200. [Henry Lepaute, Revue d’Optique, 4, pp. 95-100; 1295.] 


G. W. Morrirr 


The Institute of Optics, Theoretical and Applied.—The various 
activities of this new institution, situated in Paris, are described. Floor 
plans of the new building show the arrangement of the offices, lecture- 
rooms, laboratories and work-shops on the various floors of the building. 
[A. de Gramont de Guiche, Revue d’Optique, 4, pp. 1-7; 1925.] 


G. W. Morritt 





